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Abstract: Gasification of coal is gaining more popularity due to its clean operation, and its 

ability to generate products for various markets. However, these technologies are not widely 

commercialized due to reliability and economic issues. Mineral matter in coal plays an 

important role in affecting the availability/reliability of a gasifier. Agglomeration in the bed, 

slag mobility and blockage of the syngas exit section are some of the operations related 

concerns in fixed-bed gasifiers, while ash deposition and sudden defluidization are the major 

concerns in fluidized bed gasifiers. In the case of entrained flow gasifiers, syngas cooler 

fouling and blockage, corrosion and erosion of refractory, and slag mobility are some of the 

major issues affecting the operations and the reliability of the gasifier. This review is aimed 

at critically examining various mineral matter related issues contributing to the operation 

and reliability problems in three types of generic gasifiers (fixed bed, fluidized bed and 

entrained flow gasifiers). Based on the review, some strategies to counter the potential 

mineral matter related issues are presented. 
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1. Introduction 

Coal is a cheap and abundant natural resource for energy. However, there have been some increasing 

environmental and health concerns in utilizing coal [1–3]. Emergence of clean coal technologies is seen 

as a means of reducing coal’s environmental footprint [3]. Among the clean coal technologies, integrated 

gasification combined cycle (IGCC) provides a great promise due to its high efficiency, lower pollutant 

emissions, potential carbon capture and sequestration, flexibility in handling a variety of feedstock, and 

ability to utilize byproducts in various industries [3,4]. However, for successful operation and wide spread 

commercialization of these efficient utilization technologies requires an understanding and mitigation of 

mineral matter related issues [5,6]. 

Although there are numerous gasification technologies that are commercially available, these 

gasifiers can be broadly categorized into three main types based on the reactor bed in which coal is 

gasified—fixed bed, fluidized bed, and entrained flow gasifiers [7,8]. These generic types of gasifiers 

differ mainly in their operating conditions such as fuel particle size, fuel heating rate, temperature and 

fluid dynamics [9]. Table 1 compares the operating parameters for these types of gasifiers. Variation in 

operating conditions among these gasifier types causes difference in ways in which inorganic residues 

are produced and removed. Fluidized bed gasifiers operate below ash fusibility temperature (AFT) and 

produce dry ash. Entrained flow gasifiers operate at very high temperatures and therefore, produce 

vitreous slag, while fixed bed gasifiers generate dry ash or slag depending upon the design temperature [9]. 

The reliability of these gasifiers depends upon the generation of ash/slag in conformance to its design. 

Due to limited understanding of mineral matter transformations and consequent ash formation and slag 

deposition mechanisms, recurring mineral matter related issues have been reported in various types of 

gasifiers. Figure 1 shows the major mineral matter related issues in various types of gasifiers. 

 

Figure 1. Operation related issues due to mineral matter in various types of gasifiers  

(* specific to slagging fixed bed gasifiers). 
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Earlier reviews on mineral matter related issues were based on combustion conditions, focused on 

particular kind of reactor, and focused on mechanisms [10–13]. On the contrary, this critical review 

focuses on major mineral matter related issues pertaining to the three types of gasifiers. The review also 

presents research gaps and some strategies to counter potential mineral matter issues. 

Table 1. Operating parameters of different groups of gasifiers [7,9,14–17]. 

Classification Fixed /Moving bed Fluidized bed Entrained flow 

Ash conditions Dry Slagging Dry Agglomerating Slagging 

Typical 

Processes 
Lurgi BGL 

HTW, CFB, 

HRL 
KRW, U-Gas 

Shell, GEE, Siemens,  

MHI, PWR 

Coal Rank Any High Low Any 
Any (dry feed)  

High (Slurry feed) 

Particle Size 5–80 mm <80 mm <6 mm <6 mm 
<100 µm (dry)  

<1000 µm (slurry) 

Coal ash yield No limit <25% preferred No limit No limit <25% preferred 

Acceptability 

of fines 
Limited 

Injection of 

tuyeres 
Good Better Unlimited 

Operating 

Temperature 
973–1473 K 1773–2073 K 1173–1323 K 1423–1533 K >1573 K 

Heating rate Very Low (<50 K/s) Low (<200 K/s) * Extremely high (>10,000 K/s) 

Average 

residence time 
~3600 s >100 s 0.5–10 s 

* heating rate during devolatilization. 

2. Fixed Bed/Moving Bed Gasifiers 

Fixed bed/moving gasifiers are characterized by the downward flow of coal particles under gravity. 

This type of gasifier is called fixed bed as it involves a constant bed of fuel supported by grate. The fuel 

above the bed is continuously replenished by the fuel fed from the top. It is also called moving bed 

because the particles continuously react as they move down the gasifier from the top. As the coal particle 

moves down, it gets preheated, dried, devolatilized, gasified and combusted due to the counter current 

flow of steam/oxygen mixture [7,14]. Concurrently, the inorganic species present as included mineral 

matter (i.e., inorganic particles surrounded by organic matrix) may either get liberated to form bed ash 

or undergo ash coalescence to form sticky ash during the process. The excluded mineral matter (i.e., 

inorganic particles with little or no association with organic matter), depending on the composition, can 

form sticky fused agglomerates or generate stones (less affected by temperature). Extent of slag 

formation in the bed is dependent on the proximity of the reactive inorganic species, oxygen potential, 

and the temperature prevailing in the bed. Besides included and excluded mineral matter, organically 

bound inorganics (i.e., inorganic elements incorporated within the organic structure as carboxylic, 

phenolic, hydroxyl groups, metalloporphyrins, and other organo-metallic compounds) and water-soluble 

inorganics (i.e., water soluble salts and other inorganic substances in the pores and surface of the coal) 

are released as volatile species can interact with other ash particles to form sticky ash/slag. A schematic 
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of ash and slag formation in a typical fixed bed gasifier is shown in Figure 2. The two most popular 

commercially available gasifiers are British Gas Lurgi (BGL) (slagging type), and Sasol-Lurgi fixed bed 

dry bottom gasifiers [7]. Schematics of the Sasol-Lurgi fixed bed dry-bottom gasifier and the BGL gasifier 

are shown in Figure 3. 

 

Figure 2. A schematic of summary of mineral matter transformations and formation of 

agglomerates in a fixed bed gasifier. 

Mineral matter transformation and slag formation affects dry-bottom and slagging gasifiers differently. 

In the case of dry bottom gasifier, sufficient permeability of fixed bed is necessary for a stable operation 

of the gasifier [14]. The poor permeability can result in poor contact between bed fuel and the reactant 

gas causing channel-burning and pressure drop problems. This can lead to unstable gas outlet 

temperature, fluctuating gas composition risk of explosion [9,14] and thereby resulting in the reduction 

of gasifier load contributing to a loss in the overall efficiency. Caking properties of coal, generation of 

fines as a result of thermal fragmentation, particle size of the feed, and ash fusion can all contribute to 

poor permeability [14]. To have good bed permeability, it is desirable to have some agglomerates in the 

bed but too many agglomerates can affect the operation of the gasifier [14,18,19]. Therefore, 

understanding mineral matter transformations leading to slag formation and predicting the temperature 

at which the slag forms is important from the perspective of operating the gasifier. 

The issue with slagging fixed bed gasifier is different. Based on the investigations during the  

18 outages of the British Gas Lurgi gasifier while operating with coal and solid waste, some of the 

dominant issues contributing to the downtime of slagging, fixed bed gasifier were blockage of the gas 

exit by deposits, blockage of slag tap nozzle, and damage of refractory and tuyeres [20]. It was reported 

that five outages during 18 runs were due to raw gas exit blockage, while the remaining 13 outages of 
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gasifier were due problems in the lower section of the gasifier (damage to refractory and blockage of the 

slag tap nozzle). One of the many outages was due to melting phases formed above tuyeres. Formation 

of melting phases resulted in ash agglomerates above the tuyeres affecting the oxygen and steam 

distribution to the gasifier. The ash agglomeration above tuyeres deflected oxygen jet causing 

temperature fluctuations affecting the slag viscosity and its discharge [20]. Therefore, predicting the ash 

fusibility and slag mobility also becomes vital for reliable operation of the slagging type gasifiers. The 

other issue for the slagging gasifier can be refractory degradation [21]. It is the refractory that protects 

external shell of the gasifier. Refractory degradation occurs in several ways—penetration of slag into 

refractory changes the physical and chemical properties of refractory layer resulting in the formation of 

cracks, direct abrasion by ash and slag, chemical dissolution of refractory by slag, spalling of refractory 

due to thermal fluctuations, and corrosion of refractory due to process gas [21,22]. Not much has been 

reported in the open literature on refractory behavior in a slagging fixed bed gasifier. 

The following sections discuss inorganic interactions leading to slag formation, tools to predict slag 

formation, and slag mobility in slagging gasifier in more detail. 

 

Figure 3. Schematic of fixed bed gasifiers (A) Sasol-Lurgi Dry Bottom Gasifier (Modified 

after Skhonde et al. [23]); and (B) British Gas/Lurgi (BGL) Slagging Gasifier (Modified 

after Holt [24]). 

2.1. Role of Inorganic Interactions in Agglomerate and Deposit Formation 

Alkalis play an important role in agglomeration and deposit formation during gasification.  

For example, agglomeration/deposition issues in both BGL gasifier and Lurgi dry bottom gasifier was 

reportedly due to alkalis [14,20]. Collot reported that the Lurgi dry bottom gasifier in  

Dakota Gasification Company (Beulah, USA) experienced formation of clinkers that filled 20% of the 

gasifier [14]. Formation of clinkers was attributed to the sodium species in low rank coals. This is likely 
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due to the interaction of sodium with silica forming a melt phase. Kosminski et al. conducted studies in 

a small-scale tubular furnace to determine the level of interaction behavior of sodium species with silica 

and aluminosilicates in gasification environments [25,26]. It was observed that a portion of  

organically-bound sodium, in carboxylic functional groups, decomposes to form sodium carbonate, 

which in turn reacts with silica to form liquid sodium disilicates and other silicates at 1123 K under N2, 

CO2, and steam atmospheres [25]. It is important to note that the viscosity of sodium disilicate glass 

(Na2O·2SiO2) can be as low as ~3 Poise at 1273 K, while it increases to ~9 Poise at 823 K [27]. The low 

viscosity sodium silicate product could have contributed to the agglomeration and clinker formation in 

the Dakota Gasification Company (Beulah, USA). 

Besides agglomerate formation, the alkalis and other elements associated with organic matrix are also 

known to cause the deposit formation [20] in the syngas exit section through vaporization and 

condensation mechanism. When substantial amount of alkalis are released to gas phase, the gas phase 

alkali species cool down in the cooler sections (syngas exit section) causing sticky deposit formation. 

These deposits further grow through capturing other fine particles that are entrained by the syngas and 

eventually resulting in the blockage of syngas exit section. It is important to recognize that the 

vaporization and deposition of alkalis in the syngas exit section is more relevant and applicable for 

slagging fixed bed gasifiers owing to their higher operating temperatures than that of dry fixed bed 

gasifiers where the operating temperatures are relatively lower. 

In addition to alkali species, presence of pyrite and calcium carbonate in the coal can also result in 

slag/agglomerate formation in the fixed bed gasifier. It was reported that transformation of pyrite begins in 

the pyrolysis zone of a Lurgi dry bottom gasifier and disappears completely in the combustion zone [23,28]. 

Sulfur in pyrite is predominantly released as H2S as pyrite transforms to pyrrhotite/Fe-S-O/Fe-oxides under 

reducing conditions [23]. In the combustion zone where the temperature usually exceeds 1373 K, oxygen 

interacts with iron species to form various iron oxides. In the gasification and combustion zone, the 

partially oxidized iron species (Fe-S-O/Fe-oxide) from pyrite, and calcium oxide from carbonates 

interact with high temperature products of clay minerals to form molten iron aluminosilicates and 

calcium aluminosilicates at temperatures usually greater than 1273 K [23]. Other products of 

aluminosilicates such as sodium calcium aluminosilicates (with a melting point of ~1173 K [29]) and 

potassium aluminosilicates can also contribute to agglomeration of bed ash. 

To determine the components that cause slag formation, Matjie et al. conducted a Computer 

Controlled Scanning Electron Microscopy (CCSEM) study on ash and slag (or clinker) obtained from 

Sasol-Lurgi fixed bed dry bottom gasifier [30,31]. The study revealed that the major difference in the 

composition is the amount of anorthite and glass phase present in the clinker and ash [30,31]. 

Interestingly, the authors reported a higher amount of interstitial and matrix glass in ash sample [30]. 

This suggests a possible crystallization of anorthite from the melt phase that decreased the presence of 

interstitial glass components in clinker. However, the formation of anorthite from melt phase is 

temperature dependent [31,32]. At temperatures lower than 1443 K, anorthite is formed through solid 

state reaction between CaO and aluminosilicate glass (meta kaolin), while at temperatures greater than 

1443 K, it is formed through crystallization of melt phase during cooling [32]. In another study 

conducted on clinker and heated stones (from non-organic portion of the feed) from  

Sasol-Lurgi fixed dry bottom gasifier showed that heated stones that did not undergo any significant 

physical transformations was shown to have higher proportions of quartz and mullite, while clinker was 
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shown to have the least proportions of the quartz and mullite [33]. It is important to recognize that quartz is 

one of the least thermally active mineral and therefore it is not surprising to be seen in the heated stones. 

However, presence of substantial proportions of mullite and cristobalite in heated stones is an indication 

of less or non-participation of fluxing agents (such as Na2O, K2O, CaO, alkali carbonates) during the 

transformation of clay minerals or absence of low-melting species that bind inorganic stones and ash 

together. It is important to recognize that mullite can also precipitate from melt phase. One can determine 

if the melt phase played a role in mullite formation by studying morphology and XRD of the sample and 

comparing the data with various predictive tools. 

Agglomeration during gasification of coals appears to be initiated by the formation of eutectics. 

Formation of low melting species can be effectively controlled by adding suitable additives that react 

with components that form eutectics to yield high temperature melting species. van Dyk and  

Waanders [18] showed that addition of alumina by small amount (2 weight %) to ash can effectively 

increase ash fusion temperature. Similarly, addition of overburden and underburden of coal seam can 

also increase ash flow temperature [18]. It is important to recognize that determining the suitability of 

an additive based on ash fusion temperature may not be sufficient. This is because ash fusion test does 

not replicate the conditions existing in a fixed bed gasifier. Moreover, the suitability and the amount to 

be added are also dependent on particle size of the additive as well. Therefore, a study that simulates the 

fixed bed gasifier is better suited to determine the actual effectiveness of the additive. 

2.2. Prediction of Slag Formation 

Ash fusibility is used as an operation related parameter as it determines the operating temperature of 

the fixed bed gasifier especially to achieve the suitable discharge of the ash or slag [19]. Ash fusibility 

is determined by heating a mold made from high temperature ash (HTA) in a cone shape either in a 

reducing or oxidizing atmosphere at a heating rate of 8 ± 3 K/min. Temperatures associated with specific 

deformation of the cone are recorded and defined as: initial deformation temperature (cone begins to 

deform, IDT), softening temperature (cone has deformed to a spherical shape, ST), hemispherical 

temperature (the cone has hemispherical shape, where the diameter is equal to the height of the droplet, 

HT) and fluid temperature (the cone is nearly a flat layer, FT) [34]. There is a wide interval between 

initial deformation and fluid temperatures. The progression of initial deformation to fluid temperature is 

due to changes in viscosity, surface tension and other flow properties of the liquid. Significant fractions 

of most ashes melt at temperatures far below fluid temperature [35]. Moreover, the composition of ash 

and environment (oxidizing or reducing) plays important role on ash fusibility. 

Ash fusion analysis is widely used in predicting slagging behavior, but it has several  

limitations [19,35]. One of the main limitations of ash fusion test is that it is subjective and has poor 

repeatability [36]. Kahraman et al. reported that the initial deformation temperature (IDT) can vary as 

much as 400 K when determined by two different operators [36]. Secondly, ash fusion tests carried out 

in laboratory conditions cannot accurately predict the melt phase in the gasifier conditions. For example, 

van Dyk et al. reported that only a small portion of slag was formed even when fixed bed Lurgi gasifiers 

were operated at temperature greater than AFT (ash flow temperature) [19]. This is likely due to a 

variation in the design, heating rate, residence time of ash, local gas environment, and temperature 

gradient in the gasifier compared to the conditions at which ash fusibility was determined. Moreover, 
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the ash particle size distribution used in determining ash fusibility is different from that of ash particle 

size distribution in the gasifier. Citing van Dyk and Keyser [37], Slegeir et al. [38] reported that the coal 

ash fusibility characteristics were difficult to determine accurately. This is because interactions of 

various components in the coal ash results in not so sharp melting point like that of pure compound. 

Lastly and more importantly, ash fusion test gives bulk ash melting temperature and does not  

indicate the temperature at which the actual melting starts [35,39]. In most cases, sintering or  

slag formation is initiated by fluxing agents such as Na2O, CaO, Fe2+, and MgO reacting with 

silica/aluminosilicates/sulfur/chloride species to reduce the fusion temperatures [31,40]. During ash fusibility 

tests these fluxing agents will be in close proximity to the aluminosilicates/silica/sulfur/chloride, whereas in 

the gasifier these may not be in close proximity and hence ash fusibility test can mislead the extent of 

melt phase formation. Therefore, a tool better than ash fusibility is needed to better predict the initial 

slag formation. 

Thermodynamic models can predict slag formation [37]. However, these thermodynamic models 

assume that the interactions of inorganic species occur under equilibrium conditions while in gasifiers, 

the interactions can occur under non-equilibrium conditions [41]. The other issue in using 

thermodynamic models for determining the slag formation tendencies is that it assumes the ash is 

uniformly distributed, whereas in the gasifier, the ash is not uniformly distributed and this results in 

inaccuracies. Although thermodynamic and viscosity modeling has limitations when used separately,  

it can yield significant information and especially when used with other tools. van Dyk et al. showed 

that thermodynamic (FACTSAGE) modeling when used along with other tools like HT-XRD can provide 

better insight into mineral interactions and slag formation in a fixed bed dry bottom gasifier [19]. In the 

case of HT-XRD, van Dyk et al. [19] observed the first sign of melt phase formation through appearance 

of feldspars that includes anorthite at about 1273 K which was not captured by ash fusion test. In another 

work, van Dyk et al. concluded that use of FACTSAGE with Urbain viscosity equation can be used to 

predict the temperature at which the slag forms through the slag viscosity instead of average viscosity 

of homogeneous phase given by Urbain equation [39]. The more accurate prediction of slag formation 

in the gasifier can be obtained through the combination of computational fluid dynamics model, 

thermodynamic model, and viscosity model. The computational model would provide us with the 

particle temperature and particle trajectory in the gasifier while the FACTSAGE and viscosity models 

can provide us with the slag viscosity. This kind of model would enable the design of the gasifier in such 

a way that temperature reduction can be targeted at particular section of the gasifier without reducing the 

temperature of the entire section of the gasifier. However, developing an accurate computational model 

requires (a) property data such as thermal conductivity and specific heat of ash, coal and char particles 

over a range of temperatures, which is missing in the literature; (b) determining the particle size 

distribution of ash formed during the process; (c) developing equations for particle transport within the 

gasifier under turbulent conditions; and (d) determining the amount of melt phase formation and 

viscosity required for the particles to agglomerate. 

2.3. Slag Mobility in Slagging Gasifier 

One of the important issues concerning slagging gasifier is the continuous discharge of slag. 

Crystallization or solidification of slag affects the slag discharge, which in turn affects the feed rate of 
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coal and causing the shutdown of the gasifier [40]. A study conducted on a pilot scale slagging  

fixed-bed gasifier operated with a low rank coal showed that operations were generally satisfactory 

except for a few tests where the gasifier was stopped within 5 to 10 h of operations [42]. Interestingly, in 

those tests where the gasifier had to be stopped, the metallic iron was found to segregate from the slag. 

Schobert et al. explained the link behind iron segregation to slag discharge problems [43].  

Iron(II) oxide in slag was known to reduce the viscosity of silica rich slag by acting as a flux  

(or network modifier). Higher concentration of metallic iron in the slag suggests that iron oxide was 

further reduced to metallic iron due to low oxygen concentration resulting in reduction of fluxing agent 

for high silica slag [43]. This increased the viscosity consequently contributing to slag discharge 

problems. The authors also explained that reduction of iron (II) oxide to metallic iron is not a problem 

with low silica (or basic) slags as there were other fluxing agents present in the slag [43]. The study also 

highlighted the importance of minimizing process fluctuations in the gasifier as it can significantly affect the 

slag discharge. In the gasifier, when the temperature increases due to other process related problems, it 

is usually moderated using large amount of steam. When this happens, the gasification and combustion 

zone temperature drops [40] and this can affect slag discharge. This is because on cooling, slag 

crystallization occurs which increases the viscosity substantially. The other problem that can affect the 

slag discharge would be the formation of bridges in the fuel bed. In this case, the oxygen will no longer 

be consumed in the near vicinity of tuyeres jet blast and the combustion zone of the gasifier would be 

shifted upwards [40]. This also results in drop in temperature along with transition of reducing conditions 

to oxidizing conditions near the slag tap both contributing to increased viscosity of slag and consequently 

leading to problems with slag discharge. 

Ash composition, ash yield, and slagging characteristics at various temperatures are important from 

the perspective of choosing coal for the gasifier [44]. These three parameters play an important role in 

determining the slag tapping temperature and flux requirements [44]. Ashes that generate low viscosity 

slag at 1673 K under reducing conditions are preferred for this process. Nevertheless, coal generating 

slag with high fluid temperature can be used with fluxing agents like CaCO3 or by blending coals to keep 

the slag at a lower viscosity at the slag tapping temperature [44]. The rule of thumb for selecting the coal 

for BGL gasifier is that the slag viscosity must be 5 Pa·s at bed temperature. 

3. Fluidized Bed Gasifiers 

Unlike fixed bed gasifiers where there is a stationary bed, in the fluidized bed gasifiers the solid fuel 

is introduced along with the upward movement of gas stream, which fluidizes the bed of fuel as the 

reactions take place [45]. Although fluidized bed gasifiers are more tolerant to various coal ranks,  

non-caking coals with high reactivity and lower moisture (<18%) are preferred [40]. Fluidized bed 

gasifiers can be classified into two types—bubbling bed and circulating bed. The bubbling bed gasifier 

has the inherent limitation of not achieving higher carbon conversion due to dilution of reaction gas by 

the product gas and relatively shorter residence time compared to circulating fluidized bed  

gasifier [14,45]. The other problems with bubbling bed are entrainment of finer char particles and 

reduced diffusion of oxidant from bubble phase to emulsion phase [45]. These problems can be 

effectively overcome by using circulating fluidized bed and transport reactor. The transport reactor is 
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markedly different from circulating and bubbling fluidized bed with respect to particle size feed, gas 

velocity, particle residence time, slip velocity and many other parameters [45]. 

Fluidized bed gasifiers operate at much lower temperatures (1173–1323 K) to avoid ash melting and 

agglomeration and thereby avoiding defluidization [9,14]. Unlike fixed bed gasifier, coals of any ash 

content can be handled without sacrificing the performance of the gasifier. Fluidized bed gasifiers differ 

in ash discharge conditions—dry gasifiers or as agglomerating gasifiers. In the case of dry bottom 

gasifiers, the portion of ash is discharged from the bottom of the gasifiers as dry ash, while in the 

agglomerating type gasifiers the fluidization velocity is maintained in such a way that agglomerated particles 

are removed without affecting the char in the gasifier [14]. Operating fluidized bed gasifiers as dry and/or 

agglomerating type eliminates the technical difficulties associated with slag handling and frequent 

refractory change [46]. This also reduces the maintenance costs, and increases the availability of  

the gasifier. 

Despite low operating temperature, agglomeration and deposition are considered to be the major 

operation related problems in fluidized bed system. Unlike fluidized bed combustors, fluidized bed 

gasifiers can operate with bed of char and without separate bed material [6]. This means substantial 

portion of the ash in the bed is the result of ash generated during gasification of feed. The ash particles 

resulting from gasification of char particles remain in the bed or being recycled back into bed (in the 

case of circulating bed) or carried out by syngas as fly ash or discharged along with bed material when 

there is excess material in the bed as bottom ash [45]. These ash particles upon interactions with other 

ash particles or volatile inorganic species can form low temperature melting species resulting in ash 

agglomeration and bed agglomeration [10]. Agglomeration can also be the result of heterogeneous 

condensation of volatiles inorganic species on to the ash particles, which then undergoes agglomeration 

through collisions. Similarly, collisions of char particles covered by sticky inorganics formed due to ash 

coalescence can also contribute to bed agglomerates [10]. Once the bed starts agglomerating, the extreme 

case would be defluidization beyond which the plant has to be shutdown. A general schematic of ash 

formation and bed agglomeration is shown in Figure 4. 

To understand the concept of agglomeration and defluidization, it is necessary to understand 

minimum fluidization velocity: One of the key parameters that used in characterizing the fluidized bed 

is the minimum fluidization velocity (Umf) below which the bed appears as fixed bed [45].  

In order to keep the bed in fluidizing conditions, a superficial velocity (Umf ratio of volumetric flow rate 

of fluidizing media to bed cross sectional area) of three to five times the Umf is maintained for bubbling 

bed and up to 20 times the Umf is maintained for circulating fluidized bed [6]. During gasification, the 

partially molten ash generated is likely to attach to the surface of the bed particles due to collisions. 

These collisions are more frequent in a fluidized bed due to higher density of bed suspension. When the 

adhesive force between the bed particles due to sticky coating exceeds the segregation force of 

fluidization, the particles agglomerate [6]. This phenomenon is called as agglomeration. The increase in 

particle size and density due to agglomeration results in increased minimum fluidization velocity and 

superficial velocity [6]. If the minimum fluidization velocity is not increased, these agglomerated 

particles fall out of bed. In the event of huge amount of melt phase in the bed or at temperatures greater 

than ash sintering temperature, increasing the minimum fluidization velocity may not increase the 

segregation force over the adhesive force on the particles leading to extensive agglomeration. In the 

extreme case of agglomeration, the bed can no longer be fluidized and that bed is said to be defluidized. 
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Although the mechanism of agglomeration in fluidized bed gasifier seems to be similar to that of fluidized 

bed combustor (FBC), the products and extent of ash/agglomerates formed can vary owing to  

reducing conditions. 

 

Figure 4. A Schematic summary of mineral matter transformations and formation of 

agglomerates in a fluidized bed gasifier (Modified after Bartels et al. [10]). 

Besides defluidization, fouling and deposition at various sections of the gasifier can also cause 

operation related problems. For example, the sticky particles generated in the gasifier form deposits in 

the various sections of the gasifier including recirculation loop and syngas cooler, providing resistance 

to the flow of gas or char particles causing operation related problems [47,48]. The transport gasifier at the 

power systems development facility had to be stopped due to formation of deposits in the recirculation 

loop of the gasifier [47]. A pictorial representation of bed agglomeration and ash deposition in the 

various sections of the fluidized bed gasifier is shown in Figure 5. 

Agglomeration and defluidization in a fluidized bed reactor is a complex phenomenon and is affected 

by many factors. These factors include (a) operation related parameters such as particle size, operating 

temperature, and fluidization velocity [6,49]; and (b) mineral matter composition [49–51]. All these factors 

affect the initial sintering temperature and/or contribute to minimum “critical thickness” of the sticky 

coating on the bed particles. Effect of these factors on particle agglomeration and defluidization is listed 



Energies 2015, 8 10441 

 

 

in Table 2. The following section discusses various transformations of some of the important inorganic 

species leading to melt phase formation, agglomeration and ash deposition. 

 

Figure 5. A pictorial representation of bed agglomeration, and ash deposition in a fluidized 

bed gasifier. 

Table 2. Effect of operation parameters on agglomeration and defluidization [25,49,52]. 

Factors Effect on agglomeration and defluidization 

Temperature 
Increase in temperature increase the possibility  

of agglomeration and defluidization 

Particle size distribution 
Presence of a bimodal or multimodal particle size distribution  
increase the possibility of agglomeration and defluidization 

Fluidization velocity 
Increase in fluidization velocity increases the segregation force and 

reduce the agglomeration tendencies below ash sintering temperature 

Alkalis, iron sulfides,  
and siderite 

Increase the possibility of agglomeration and  
defluidization through formation of melt phase 

Steam Increase in steam can increase the agglomeration and defluidization 

3.1. Mineral Matter Transformations Leading to Agglomeration and Deposition 

Fluidized bed gasifier operates relatively at a low temperature and therefore a highly reactive fuel is 

preferred for maintaining a high feed rate [14,45]. Low rank coals are usually considered for fluidized bed 

due to their high reactivity. But the issue is that low rank coals have significant amounts of thermally reactive 

organically-bound sodium, calcium, magnesium elements, and water-soluble inorganic species [40]. These 

species can significantly affect the operation of the gasifier due to their ability to form low melting eutectics 

at the operating temperature of the gasifier [48]. The chemistry of melt phase formation is complex and varies 

depending upon the ash components and the operating conditions. 

Formation of melt phase during gasification of low-rank coal is facilitated by reactions of the 

organically bound inorganics and water-soluble inorganics. Kuo et al. reported little less than  

1 weight % of sodium concentration in the feed is high enough to cause defluidization in a fluidized bed 

gasifier [52]. Kosminski and Manzoori [48] also reported that sodium played an important role in 
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formation of fused agglomerates when a low-rank coal was gasified in a HTW (High Temperature 

Winkler) gasifier. Similarly, Dahlin et al. reported that the transport gasifier was stopped when operating 

high sodium lignite due to deposit formation in the recycle cyclone causing the blockage of recirculation 

of solids [47]. In both the cases formation of low melting sodium silicates was suspected to cause 

agglomerates within the gasifier. The formation of molten sodium silicates can be explained as follows: 

The sodium in low rank coals is primarily attached to carboxylic groups or can exist as chlorides. Upon 

exposure to fluidized bed conditions (at high temperature), the sodium with the carboxylic group may 

chemically dissociate from the char structure to form sodium carbonate [53,54]. Sodium carbonate thus 

formed can react with silica to form sodium silicates glass (xNa2O·ySiO2 x = 1 or 2; y = 1 to 3.75) [25]. 

Under fluidized bed gasifier conditions, formation of sodium disilicate glass (m.p. of 1147 K) is 

thermodynamically favorable [25]. The formation of molten sodium disilicate can be either through 

solid-solid reaction (in CO2 and N2 atmospheres) or through liquid–solid reaction (in steam atmosphere) 

as shown here: 

Solid-solid reaction (in CO2 and N2 atmospheres) at temperatures <1123 K: 

NaଶCOଷሺୱሻ  SiOଶሺୱሻ → NaଶO  SiOଶሺୱሻ  COଶ (m.p. of sodium silicate 1362 K) (1)

NaଶO  SiOଶሺୱሻ  SiOଶሺୱሻ 	→ NaଶO  2SiOଶሺ୪ሻ (m.p. of sodium disilicate 1147 K) (2)

Liquid-solid reaction (in steam atmosphere) at temperatures >1023 K: 

NaଶCOଷሺ୪ሻ  2SiOଶሺୱሻ 	→ NaଶO  2SiOଶ ሺ୪ሻ  COଶ (m.p. of sodium disilicate 1147 K) (3)

Sodium disilicates formed through solid-solid reaction is slow, while the sodium disilicates formed 

through solid–liquid reaction is faster. It can be concluded that presence of steam in the gasifier promotes 

agglomeration and defluidization by increasing the rate of formation of sodium disilicates. 

Besides sodium carbonate, presence of sodium chloride can also contribute to sodium disilicates. 

However, this occurs only in presence of steam [25] at fluidized bed operating temperatures (~1123 K) 

through following reaction: 

2NaCl  2SiOଶ	  HଶOሺሻ → NaଶO  2SiOଶሺ୪ሻ  2HCl (4)

It was also proposed that sodium from sodium chloride can also get converted to sodium carbonate 

through reaction with carboxylic groups. This sodium carbonate in turn reacts with silica to form liquid 

sodium silicates as explained earlier. However, the rate of formation of sodium silicates through this 

route is slow [25,55]. 

The analysis of the deposits within the gasifier and in the downstream showed halite to be one of the 

major fouling components [48]. Besides sodium chloride, NH4Cl was also observed in the deposits 

obtained from syngas cooler. The authors attributed the occurrence of NaCl and NH4Cl near the syngas 

cooler to sudden cooling of gases resulting in condensation of those species [48]. NaCl present as  

water-soluble inorganics is usually released as Na and Cl separately [55–57]. Therefore, NaCl observed 

in the syngas cooler might have been a secondary product (not directly released from coal particle). 

Besides NaCl, the report also pointed out the possible presence of FeCl3 and CaCl2 in the syngas cooler  

deposits [48]. In the case of FeCl3 and CaCl2, this is likely to have formed through interaction of their 

corresponding oxides (FeO and CaO) with HCl vapors in the cooler sections of the gasifier as 

FeCl3/CaCl2 are highly unstable at temperatures (~1173 K) prevailing in the gasifier. The significance 
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of chloride species particularly NaCl, CaCl2, FeCl3 and NH4Cl in the syngas cooler is that it can exist in 

molten phase individually or through formation of eutectic mixture. 

The other important mineral in coal that plays a role in agglomeration is pyrite. Unlike sodium 

species, which are predominantly found in low-rank coals, pyrite occurs across a wide range of coal 

ranks. Several studies have reported the role played by pyrite derived ash particles in agglomeration 

under fluidized bed conditions [58–60]. Mason and Patel conducted a study to determine the chemistry of 

ash agglomeration in a U-Gas pilot scale fluidized bed gasifier [60]. Analysis of agglomerates derived 

after gasifying a run-of-mine Kentucky coal showed that the coating had the presence of calcium 

aluminosilicates, iron silicate and ferrous sulfide with small amount of calcium-iron-silicate and 

magnetite. It was also noted that most of the agglomerates (3/4th of the agglomerates) were covered by 

low melting iron rich coating. This coating increases the surface contact and consequently the 

agglomerations. The ash agglomeration in the gasifier was suggested to be very much dependent on 

oxidation state of iron. Based on the ash fusibility tests, the study observed that pyrite is more problematic 

under slightly reducing environment where it exist as FeO-FeS (liquid formation temperature ~1200 K) 

and less problematic under extreme oxidizing (exist as Fe2O3 or Fe3O4) or in extremely reducing 

environment (exist as Fe) [60]. The authors concluded that the partial oxidation of ferrous sulfide  

(to FeO) is prerequisite for the formation of low-melting phase resulting in agglomerate formation [60]. 

A more recent study pointed out that mineral matter rich fractions of coal containing pyrite is likely to 

initiate slag and agglomerate formation in a fluidized bed gasifier [61]. This is because iron oxide 

embedded in organic rich feed particles can initiate agglomerate formation only at higher conversion. 

Unlike pyrite and alkali species, calcium oxide is preferable in fluidized bed gasifiers. This is because 

of its ability to capture sulfur. Deposits obtained from HTW gasifier showed the presence of CaS, CaCl2 

and monticellite [48]. It was suggested that CaS was formed as a result of interactions between CaO with 

H2S [48]. The formation of CaS could have formed while CaO particles are in the bed or after deposition 

by interacting with H2S. In the absence of H2S, presence of free lime can be problematic in the  

low-temperature region as it can strengthen the deposits by forming Ca(OH)2 and carbonates through 

interaction with steam and CO2, respectively [62]. Moreover, it can be problematic when chlorine 

content in coal is significant. This is because of formation of CaCl2, which has a low melting point. 

3.2. Strategies to Minimize Agglomeration and Ash Deposition 

The root cause to the problem of agglomeration and fouling is the formation of low melting  

eutectics [51]. The low melting eutectics are usually a product of interactions among alkali species, 

sulfur species and bed particles (usually silica) in the case of low-rank coals [25,40], while pyrite derived 

ash play an important role in agglomeration in the case of high-rank coals [58]. More than the presence 

of low-melting eutectics, it is also the amount of low-melting eutectics that determine the stickiness. 

Particles are usually assumed to be not sticky with molten phase less than 15 weight %; while 70 weight% 

of melt phase is considered to be completely sticky [63]. To reduce the extent of sticky phase formation, 

alkalis and chlorine species particularly from low-rank coals have to be reduced. The general rule of 

thumb for fouling developed for low-rank coal combustion also applicable for gasification is that coal is 

low fouling, medium fouling and high fouling if concentration of sodium (% dry coal basis) is <1%,  

1%–5%, and >5%, respectively [40]. When dealing with medium and high fouling coals, various 



Energies 2015, 8 10444 

 

 

corrective measures have to be taken for smooth operation of the gasifier. One of the ways is to remove 

water-soluble salts from the low-rank coals through water washing [64] and/or drying. Advantage of 

drying (Mechanical Thermal Expression and HydroThermal Dewatering) of low-rank coals over  

water-washing is that not only reduce the concentration of trace metals, salts/ions in the pore water, and 

other inorganics attached to organic functional groups through thermal decomposition [65,66] but can 

also improve the efficiency on the account of reduced moisture content in the feed. The reduction in 

inorganic elements/ions/salts such as NaCl, Na, Cl, Mg, and SO4
2− during drying of low-rank coal 

reduces the fouling potential substantially. Other pretreatment methods for coals that were found to 

reduce the fouling potential of coal include acid washing, and Al treatment of coal [64]. However, cost 

effectiveness of such techniques in comparison with water-washing and/or drying have to be ascertained 

based on the benefits accrued over reduction in fouling and agglomeration. 

In the case of high rank coals, inorganic rich particles containing pyrite, siderite, and marcasite can 

be more problematic. Because particles rich in pyrite can initiate slagging in the gasifier [61], 

beneficiation of coal feed can reduce possible fouling and extensive bed agglomeration. 

The other approach that was proposed to combat fouling and agglomeration is through blending of 

different coals so that problematic species get diluted. Vuthaluru et al. showed that blending equal 

proportion of a high fouling low-rank coal with a subbituminous coal increased the operating time by 

12–13 times [67]. However, it is important to recognize that determining the precise blending ratio for 

coals can be complicated partly due to nonlinear and non-additive behavior of inorganic constituents [68]. 

The non-linear and non-additive behavior of inorganic species in blended coals can be due to difference 

in the occurrence of inorganic species. For example, the behavior of inorganics would be non-additive if 

calcium in one of the blended coals exists as organically-bounded inorganics, while it exist as calcite in 

another coal. Secondly, the interaction of inorganic species with the organic constituents either through 

homogeneous interactions and/or through heterogeneous interactions can also complicate the behavior 

of inorganic species in the blended coals. Based on the literature review, we are not aware of any 

blending index available for coals in fluidized bed gasifier conditions. A blending index that takes 

interaction and non-interaction of inorganic species among themselves and as well as with the bed 

material into account would be preferable. 

Another approach to effectively combat fouling and defluidization is through injection of additives. The 

suitability of additives is dependent upon the prospect of forming high melting phases by interacting 

with the fouling components particularly alkalis. For example, kaolinite is widely used additive to trap 

sodium [26]. At high temperatures, kaolinite structures decompose to form meta-kaolinite. The structural 

collapse allows the meta-kaolinite to trap sodium in the interstitial in-fillings of the structure to form 

high melting point (m.p. > 1373 K) carnegieite, paragonite, and nepheline. The proposed reactions 

between kaolinite additive and sodium species are as follows [26]: 

Kaolinite reaction with sodium chloride in presence of steam: 

AlଶOଷ  2SiOଶ  2HଶO → AlଶOଷ  2SiOଶ (Formation of meta kaolinite) (5)

AlଶOଷ  2SiOଶ  2NaCl  HଶO → NaଶO  AlଶOଷ  2SiOଶሺNepheline/Carnegieiteሻ  HCl (6)

Kaolinite reaction with sodium carbonate in presence of steam: 

AlଶOଷ  2SiOଶ  2	NaଶCOଷ → NaଶO  AlଶOଷ  2SiOଶ ሺNephelineሻ  COଶ (7)
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Kaolinite reaction with sodium chloride in dry conditions (in absence of steam) [69]: 

AlଶOଷ  2SiOଶ  2HଶO  2	NaCl → NaଶO  AlଶOଷ  2SiOଶ  HCl  HଶO (8)

Kosminski et al. reported that the formation rate of high melting point nepheline increases at 

temperatures greater than the melting point of NaCl (m.p. 1074 K) and Na2CO3 (m.p. 1124 K) [26]. This 

is due to increased diffusion of liquid sodium species into aluminosilicate structure. It can be concluded 

that the effectiveness of the additive particularly in presence of higher concentration of sodium increases 

with temperatures in fluidized bed conditions. Besides kaolinite, other additives such as magnesium and 

calcium based additives, bauxite, diatomite, bentonite, miclay, pumice, pyrophyllite and coal overburden 

are also known control fouling and ash deposition either through trapping sodium or increasing ash 

fusion temperature [69]. Suitability of any additive for any particular process is determined by the 

effectiveness of the additive in capturing the alkalis, availability and cost. Another factor that plays an 

important role in choosing the additive is fragmentation. Extensive fragmentation of additive can generate a 

lot of fines. These fines (<10–15 µm) containing captured sodium can be problematic if it gets recirculated 

back into the gasifier after the primary cyclone [47]. This results in too high of a concentration of sodium 

in the gasifier, which can also transfer it to the bed material causing extensive agglomeration problems. 

Moreover, presence of a wide range of particle size distribution in the gasifier can lead to poor particle 

mixing and thereby increasing the possibility of agglomeration and defluidization [49]. Therefore,  

an additive that does not fragment extensively can be suitable for the process. 

Although injection of additives can combat fouling and bed agglomeration, it cannot completely 

eliminate the formation of deposits in various sections of the gasifier. Placing soot blower or acoustic 

horns or pulse detonation at appropriate location can help remove the deposits [10]. However, the 

problem is to place these at appropriate locations where deposits are formed in the gasifier. Moreover, 

the pattern of soot blowing has to be established without which soot blowing may not be effective. 

However, it can be suggested that by measuring the heat flux at various locations of the gasifier, the extent 

of deposit formation can be determined and accordingly the soot blowing operation can be managed. 

Other approaches that can be adopted to reduce/prevent agglomeration in a fluidized bed gasifier that 

uses separate bed material are: (a) using alternate bed materials other than silica [10,70]. This is because 

silica participates in agglomeration process by forming low-melting eutectics by reacting with alkalis. A bed 

material that does not undergo much fragmentation with ability to form high melting point species by 

interacting with fouling species is preferred. (b) Ensuring enough char in the bed as char is known to 

inhibit sintering [71]. All these approaches can reduce agglomeration by controlling the formation of low-

temperature eutectics.  

4. Entrained Flow Gasifiers 

Entrained flow gasifiers are different from that of fixed bed and fluidized bed gasifiers due to their 

high operating temperatures (>1473 K), short residence time, and high load capacity [14]. Coal is either 

fed as slurry or dry feed into the gasifier while the slag/ash are removed as bottom slag and fly ash [14]. 

Although all coals can be used in entrained flow gasifiers, only coals with high heating value and low 

ash content are preferred due to economic and technical reasons [9]. The design aspects of some of the 

major coal based IGCC plants are given shown in Table 3. 
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Table 3. Design of major coal based-IGCC plants with entrained flow gasifiers [24,72–74]. 

Name Wabash River Tampa electric Nuon ELCOGAS 

Power output 262 MWe 250 MWe 253 MWe 300 MWe 

Gasifier Technology 
Lummus E-Gas 

Technology 
GE/Texaco Shell 

Shell  

(formerly Prenflo) 

Gasifier type Two stage upflow 
Single stage 

downflow 

Single stage 

upflow 
Single stage upflow 

Feed system Coal-water slurry Coal-water slurry Dry lock hopper Dry lock hopper 

Operating 

temperature/Pressure 

>1600 K (firststage)/ 

~2.7 MPa 

1575–1750 K/ 

~2.7 MPa 

1873 K/ 

~2.6 MPa 

1473–1873 K/ 

~2.5 MPa 

Slag removal Continuous Lock hopper Lock hopper Lock hopper 

Slag/Char fines recycle Yes Yes Yes Yes 

Refractory design Air cooled refractory Air cooled refractory 
Water cooled 

membrane wall 

Water cooled 

membrane wall 

Syngas cooler design Downflow firetube 

Downflow radiant 

water tube and 

convective firetube 

Downflow 

concentric circle 

water tube 

Upflow and 

downflow water tube 

and convective water 

tube 

Particulate removal 

system 
Candle filter at 623 K 

Water scrub  

no filter 

Candle filter  

at 503 K 

Candle filter  

at 513 K 

Chloride removal Water scrub Water scrub Water Scrub Water scrub 

Some of the major challenges faced by entrained-flow gasifiers are syngas cooler fouling and plugging, 

slag tap blockage due to poor slag mobility, and breakage of candle filters by the particulates in the product 

syngas, and frequent refractory changes [24]. A pictorial representation of some of these issues occurring 

in the gasifier is shown in Figure 6. Other challenges include erosion and corrosion of the slag removal 

unit, and maintaining consistent slag discharge [24]. Table 4 compares the historical causes of outages 

due to mineral matter related issues of the four IGCC power plants using entrained flow gasifiers. 

 

Figure 6. A pictorial representation of an entrained flow gasifier with some mineral matter issues. 
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Table 4. Mineral matter realted outages in major coal-based IGCC power plants  

(Adapted from Holt [24]). 

Gasifier 
Wabash River Tampa electric Nuon ELCOGAS 

E-Gas GE Shell Prenflo 

Refractory wear Life ~2 years 
Life ~2 years  

(more recently 3 years) 
Not significant Not significant 

Slag tap blockage Yes Yes No Yes 
Corrosion and 

erosion in circulating 
slag water 

Minor Yes Yes Yes 

Syngas cooler 
fouling and corrosion 

Yes- can be cleaned 
with in-situ 

Only with convective 
syngas cooler 

Minor 
Yes- but not 
significant 

Candle filter failure Yes Not applicable No Yes 

In this kind of gasifiers, slag/ash/char within the gasifier is partially separated by impingement on 

slag surface or cyclonic action, while fine particles are carried by hot syngas [13,74,75]. The fine 

char/ash particles carried along with the syngas can result in syngas cooler fouling and thereby reducing 

the heat transfer efficiency, creating impedance to gas flow, contributing to corrosion and erosion 

problems—all affecting the overall reliability of the syngas cooler and technology [13,76]. The other 

major challenge faced in the operation of the entrained flow gasifier is maintaining optimum slagging 

conditions [7]. A small slag layer on the refractory is desirable as this layer protects the refractory lining 

and reduces heat loss. However at high temperature and reduced viscosity, the molten slag layer can be 

very corrosive and can penetrate deeply into the air-cooled refractory lining [77] affecting the stability of 

the refractory. Besides corrosion, higher operating temperature can also increase the oxygen demand and 

consequently reduce the efficiency of the gasifier. Operating the entrained flow gasifier at relatively low 

temperature can increase the slag viscosity, which can affect the discharge of the slag by solidification [78]. 

Therefore, an optimum condition (1573–1773 K) should be maintained such that slag layer acts as thermal 

barrier coating for the refractory wall [78] not at the cost of overall efficiency. Other problems include erosion 

of circulating slag water due to presence of fine sharp solids, and candle filter problems. The erosion issue 

was handled by avoiding a sharp bend in pipes, while the candle filter problem at Wabash river plant was 

handled by switching to metallic filters (estimated lifetime of 9000 h) instead of ceramic filters [24]. 

However, the problem in ELCOGAS seems to have not been resolved as of 2006 [24]. Although reasons like 

decomposition of nickel from the candle filter and some structural design faults were suggested, the precise 

reason for the failure of candle filters is not reported in the open literature. 

To solve many of the mineral matter related issues including slag mobility, syngas cooler fouling, 

and slag-refractory interactions and corresponding damages, ash forming mechanisms and ash flow 

dynamics and gas flow dynamics in the gasifiers have to be understood. This understanding is necessary 

for designing tools to predict syngas cooler fouling, refractory life, and slag mobility within the gasifier. 

The following section deals with ash/slag formation. 
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4.1. Ash/Slag Formation 

In the slagging gasifier, inorganic species are either removed as slag or fly ash [72]. Slag is formed 

when ash particles deposit on the gasifier wall and flow down as highly vitreous product. The remaining 

ash particles that get entrained out of the gasifier constitute fly ash [72]. The partitioning of inorganic 

species to fly ash and slag is important from the perspective design and operation of the gasifier. 

Determining the partitioning of inorganic species to fly ash and slag is complicated due to the 

heterogeneity of mineral matter. 

Ash forming mechanisms during gasification of coal are expected to be similar to those of ash forming 

mechanisms during combustion. A schematic of mineral transformation in a gasifier is shown in  

Figure 7. Like combustion, ash particles of wide range of size distribution are likely to be formed due to 

mechanisms like char fragmentation, ash coalescence, and vaporization and (homogeneous and 

heterogeneous) condensation of inorganic species [13]. However, only few attempts have been made to 

determine extent of occurrence of each of those ash forming mechanisms under conditions similar to 

that of a full-scale entrained flow gasifier. There is a huge knowledge gap on the role of various ash 

forming mechanisms during gasification at high pressures and temperatures [13]. For example, ash 

fragmentation from included inorganic particles (inorganic particles embedded in organic matrix) in an 

entrained flow gasifier is dependent on char morphology. The pressure effects on char morphology and 

consequently ash fragmentation beyond 2 MPa are not clear [13]. Moreover, the extent of ash coalescence 

and submicron ash formation occurring in this kind of gasifier at high pressures is also not clear. 

Once the ash is formed, it can either report to slag within the gasifier or can get entrained out of the 

gasifier with the syngas. Mechanisms of transport of ash particles to wall surface are well documented 

for boiler conditions and is expected to hold well for gasifier as well. For the ash particles to hit the wall 

surface, it has to have sufficient momentum to deviate from the gas flow field. Mechanisms like inertial 

impaction, eddy impaction and thermophoresis were shown to provide enough momentum for these 

particles to hit the wall surface. Role of other mechanisms such as eddy diffusion, molecular diffusion, 

condensation and chemical reaction in contributing to slag are not very clear especially under turbulent 

conditions [79–81]. 

When the ash particles come in contact with the wall/slag surface, they can either deposit on the 

surface or rebound [75,82]. This is because the sticking probability of ash on the slag is also dependent 

upon the slag and ash properties [75]. For example, particles with substantial carbon (>15–20 mass % [82]) 

may not enter into the slag layer within the gasifier unless they impact the slag layer at high velocity [75]. 

This is because the particles with substantial organic matter (>10% by mass) have very high viscosity, 

low density (or higher buoyancy), and poor wettability in melt phase [83,84], preventing it from 

deposition inside the gasifier. Despite poor wettability of organic matter in the slag, the amount of 

combustibles in the industrial gasifier slag (fine and coarse slag) was reported to vary anywhere between 

30% and 35% for coarse slag to 60% for fine slag depending upon conditions [85]. One of the 

possibilities for this observation is that at high operating temperatures, the inorganic melt phase engulfs 

the organic portion rendering the organic component unreactive. The particles then settle in the slag 

contributing to unburnt carbon in the slag. Experiments conducted in our laboratory indicated that if all 

the mineral matter rich fractions contribute to coarse slag, then roughly about 30% of the fractions 
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enclosed in slag is organic matter. Our hypothesis is that fine slag is most likely to form from included 

mineral matter. 

Presence of crystalline inorganic phase in the particle is also important from the perspective of 

deposition rate. It can be inferred from the work of Shannon et al. [86] that the presence of a substantial 

amount of crystalline phase in the ash particle increases the viscosity of slag once it gets captured onto 

the slag. This can affect further deposition. The amount of crystalline phase in the ash particles 

contributing to slag is expected to be higher for coarser particles due to lower heating rate and shorter 

residence time at the high temperature zone before hitting the slag layer. 

 

Figure 7. Mineral matter transformations of pulverized coal particles in an entrained flow 

gasifier (Modified after Wu et al. [87]). 

Besides wettability and viscosity, the deposition rate of particles from the bulk phase to the slag can 

be influenced by the particle density, particle size, and swirl [75,88] within the gasification system. Ash 

particles with higher density are most likely to penetrate into the slag layer as a result of inertial 

impaction than those of lower density ash particles [88]. This is because higher density particles are 
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subjected to heat dissipation as it impacts slag layer, consequently higher temperature as it hits the slag 

layer, resulting in increased probability of adhering. The other parameters, such as swirl in the system 

coupled with high temperatures can influence the deposition by increasing the probability of surface 

contact of ash particles and by lowering the viscosity of inorganic species. Once the slag is formed, the 

composition of the slag plays an important role in its mobility within the gasifier. Moreover, the slag 

composition dictates the refractory degradation [89]. From these perspectives, studying the ash/slag 

formation is of high importance. The following section discusses the issues relating to the slag mobility 

within the gasifier. 

4.2. Slag Mobility 

Continuous discharge of slag is essential for maintaining the smooth operation of the gasifier. 

Discharge of slag from the gasifier is primarily dependent on slag viscosity, which in turn is dependent 

on slag composition, oxygen potential of the local atmosphere (ability to transfer oxygen from gas phase 

to melt phase), and slag temperature [41,78]. It is generally accepted that the slag viscosity has to be 

maintained below 25 Pa·s at 1773 K for continuous discharge [41,44] irrespective of slag composition. 

However, the optimum viscosity was suggested to be around 15 Pa·s at 1773 K [44]. 

To maintain consistent slag flow in the gasifier, operating temperature has to be carefully selected. 

Operating temperature of the gasifier is usually selected based on ash fusibility characteristics (ash flow 

temperature) and slag viscosity [78]. As explained in the earlier section, ash fusibility suffers from 

numerous limitations including the metric being less sensitive to ash composition. This was further 

confirmed when two coal ashes having same fusibility was shown different slag viscosity-temperature 

characteristics [90]. The other parameter that is used to determine the suitability of the coal slag is slag 

viscosity. It is important to recognize that slag viscosity measurement alone takes between 6 to 8 h. This 

means monitoring the slag viscosity for the coal to be used in the gasifier becomes difficult. The problem 

becomes more complicated when blended coals are used in the gasifier, with the issue being getting a truly 

representative sample for slag viscosity and ash fusibility measurement. However to avoid this issue, slag 

viscosity predictions are more preferred to slag viscosity measurements. Zhu et al. showed that viscosity 

models can predict viscosity measured in the laboratory [91]. Slag viscosity can be predicted using 

models like Urbain, Feredey, Watt and Fereday, Kalmanovitch-Urbain and many others [92]. The 

problem with these models is that it is applicable only for homogeneous slag. Similarly, the viscosity 

measured in a lab-scale viscometer is also for homogeneous slag. However, in real gasifier, the slag is 

multilayered varying from completely liquid to completely solid [93]. Application of viscosity models 

and measurements can bring error for heterogeneous slag in the gasifier. For example, Oh et al. reported 

that empirical models failed to predict heterogeneous slag viscosity-temperature behavior in the Texaco 

gasifier. This was due extensive formation dendrite shape spinels that caused rapid increase in viscosity 

of the slag [94]. It is important to recognize that slags can be classified as glassy slag or crystalline slag. 

For glassy slags, the viscosity is inversely proportional to temperature and can easily be predicted using 

models [14]. For crystalline slags, at certain temperature, a small change in temperature can result in 

large changes in viscosity [14,92]. This temperature is called critical viscosity. The large changes in 

viscosity are attributed to crystallization. This crystallization of different phases while the slag cools as it 

approaches the tap makes the slag heterogeneous. Most common phases that crystallize out during 
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cooling are spinels, anorthite, mullite, hematite group and corundum [92]. The kinetics of crystalline 

behavior is directly linked to degree of polymerization of melt (or viscosity) and is not well  

understood [95]. Despite limited theoretical understanding, heterogeneous slag viscosity can be 

predicted using thermodynamic models in conjunction with empirical viscosity models and/or 

combination of thermodynamic models and tools like HT-XRD [19,39,96–98]. 

Research work on the slag mobility is predominantly focused on measuring viscosity-temperature 

behavior and critical viscosity of the slag [99,100]. Studies also focused on role of additives on reducing 

the viscosity of the slag, flow temperature and critical viscosity [44,101]. However, not much effort has 

been focused on components contributing to the slag. It has to be understood that slag phase composition 

may not represent the bulk coal ash composition. Wall et al. reported that slag composition is 

preferentially contributed by the excluded mineral matter based on a pilot scale study [13]. This was 

further suggested by Yu et al. based on a study of slag in a bench-scale Opposed Multi Burner (OMB) 

gasifier [102]. This suggests that slag mobility should also be studied based on various density fractions 

contributing to the slag formation. 

4.3. Slag-Refractory Interactions 

Reliability and availability of the gasifier is dependent upon ability of refractory lining to withstand 

elevated temperature (>1773 K), temperature fluctuations, attack of hot corrosive gases, variation in 

feedstock, cyclic change in oxidizing and reducing conditions, alkali vapor and molten slag [103]. The 

refractory lining used in gasifiers varies with design. In general, the refractory linings can be classified 

as air-cooled or water-cooled. The water-cooled refractory lining is also called as a membrane-wall design 

with stainless steel tubes to carry water/steam covered with a thin layer of Al2O3-SiC refractory [21,104]. 

When water or steam is used as cooling medium in the furnace shell, a steep temperature gradient is formed 

between furnace shell and thin-walled refractory layer. This steep gradient causes the molten slag generated 

during the gasifier operation to solidify and thereby protecting the membrane wall from corrosion and 

erosion. On the other hand, air cooled refractory lined design is traditionally alumina based, and/or zirconia 

based refractory for the hot face and has a thick multi layered refractory to reduce heat loss. This kind of 

design is relatively inexpensive compared to water cooled design. The downside of the design is that the 

lifetime is extremely short, ranging from anywhere between four and 24 months [14,105]. Studies have 

identified that the refractory service time as one of the factors limiting the availability of the air cooled 

refractory walled gasifiers. Keeler reported that the Wabash IGCC plant had 1% of downtime a year due 

to refractory breach [106]. Replacing refractory lining very often is expensive costing, >1 million dollars 

in material and lost opportunity combined [105]. To reduce the opportunity cost and to increase the 

availability, a spare gasifier is always used [24]. 

Slag-refractory interactions are complex and are dependent on slag composition, refractory 

composition, and porosity. Slag and refractory composition can be classified as acidic, basic and neutral. 

An acidic refractory is less resistant to corrosion by basic slag while it is more stable on interaction with 

acidic slag [107]. For example, corrosion of SiC refractory (typically used for membrane wall gasifiers) 

was studied in acidic and basic slags. It was observed that corrosion by acidic oxides rich slags on SiC 

at 1503 K was characterized by localized corrosion by iron silicides, while corrosion by basic oxides rich 

(predominantly CaO) rich basic slags at 1513 K was characterized by uniform dissolution of  
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refractory [108]. Therefore, matching the refractory composition to slag composition is more important 

to extend the refractory life [92]. However, the problem is that not all refractories (i.e., acidic refractories) 

have good properties at high temperatures (>1773 K) [107]. The other problem with matching the 

refractory composition to the slag composition is that it limits the fuel choices for the gasifier. 

To determine the suitable air cooled refractory liners for the slagging gasifiers that operate at very 

high temperatures, numerous refractory compositions were evaluated including alumina-silicate,  

high-alumina, chrome-alumina, alumina-magnesia, alumina-chromia-magnesia and SiC [89]. Based on 

the research and industrial experience only Cr2O3-Al2O3, Cr2O3-MgO and Cr2O3-Al2O3-ZrO2 were found 

to be suitable to withstand air cooled gasifier environment long enough to be economically feasible [89]. 

Compositions of chromia refractories used in entrained flow gasifiers are shown in Table 5. Even with 

advancement in materials, the refractory life is restricted to a maximum of 36 months. 

Studies were conducted to determine the causes of corrosion for chromia rich refractories [103,109,110]. 

Postmortem analysis on spent high chromia from a commercial gasifier indicated that the reaction 

between FeO in slag and Cr2O3 in refractory forming iron chromium spinel as one of the primary reasons 

for degradation of the refractory [89]. While the formation of iron chromium spinel prevented the 

diffusion of FeO into the refractory, it was also suggested to have resulted in chemical spalling [103]. 

Although Cr2O3 provided corrosion resistance, it did not prevent slag from penetrating. The increased 

penetration of slag also resulted in structural spalling. Similarly, Guo et al. reported increased 

concentration of CaO increased the corrosion rate for high chromia refractory [110]. Slag penetration 

was again cited as the reason for high corrosion rate. Areas of refractory slag attack include pore 

networks, grain boundaries, and fine matrix regions [111]. One way to reduce penetration is through 

adding phosphate to the high chrome refractory. Addition of phosphate to high chromia refractory not 

only reduced porosity but also increased the viscosity of the penetrated slag by interacting with it and 

consequently reduced spalling [103]. The other approach to reduce slag refractory interaction is to reduce 

the wettability of refractory by the slag by changing the slag composition or refractory properties. 

However, not much has been reported in the open literature on changing the wettability of slag  

or refractory. 

Table 5. Chemical composition and physical properties of commonly used high Chrome Oxide 

refractories used in air-cooled slagging gasifiers (Adapted from Bennett and Kwong [89]). 

Chemistry  
(Weight %) 

Brick type 

A B C 

Cr2O3 89.0 87.3 81.0 
Al2O3 10.2 2.5 0.4 
ZrO2 - 5.2 Not Reported 
MgO   17.0 

Bulk density (g/cm3) 4.21 4.07 3.95 
Porosity (vol. %) 16.7 16.5 12.0 

The most common mechanisms through which slag-refractory interactions degrade refractories 

include chemical dissolution, chemical and physical spalling [89,111]. Chemical dissolution of 

refractory occurs when the molten slag disrupts the bonding of the refractory structure, allowing the 

coarse grains to be swept away with the molten slag. At the same time, low viscosity of slag at elevated 
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temperatures allow slags to penetrate through the refractory causing chemical and structural spalling. 

Chemical spalling occurs when slag-refractory interacts to form an interfacial product with a density 

change and different thermal expansion coefficient compared to refractory matrix while structural 

spalling occurs either due penetration of slag into the refractory, and or due thermally induced stress 

resulting in breakage of the sections of refractory matrix. 

4.4. Fouling 

As explained in the earlier sections, not all ash formed during gasification forms slag. A portion of 

ash entrained by syngas deposit in various locations resulting in fouling of the convective sections of the 

gasifier. Fouling of syngas cooler not only reduce heat transfer efficiency of the syngas cooler but also 

can contribute to failure of syngas cooler tubes through corrosion and consequently to unscheduled 

shutdown of the gasifier. Slag quench plugging and syngas cooler tube leaks were the two leading causes 

for downtime of the Wabash IGCC plant in 2002 [106]. The Polk power station also experienced 

numerous syngas cooler outages totaling 1500 h of outage between 1999 and 2001 [74]. It is important to 

note that radiant syngas cooler in Polk power plant worked better than expected, while the problem was 

mostly concentrated in the convective syngas cooler. Because of the convective syngas cooler problem,  

GE Energy indicated that their reference plant will have only radiant syngas cooler [112]. This highlights 

the need to determine the fouling mechanism and ways to reduce the fouling related issues in the 

convective syngas cooler. 

Most of the work so far has been focused on measuring and improving slag mobility within the 

gasifier while little has been reported in open literature on the nature of the fly ash entrained out of the 

gasifier and the deposits in the syngas cooler. Brooker studied ash deposits obtained from syngas cooler 

based on Texaco gasification process [113]. The deposits were found to contain halides, and metal 

sulfides [113]. Brooker suggested that these halides and sulfides were the result of an “initial fouling 

layer” on which flyash particles adhere. The presence of the halides in deposits suggested condensation 

of volatilized species, while iron sulfide played a role in the deposition of siliceous ash particles [113]. 

Presence of small amount of NaCl in the deposits suggests the presence of chlorine in coal. It was 

reported that even 0.1% of Cl in coal can result in 200–400 ppm of HCl in gas phase [14]. HCl readily 

reacts with alkalis, alkali earth metal species and metallic iron to form FeCl2, NaCl and CaCl2. These 

components not only form initial fouling layer, but also contribute to poisoning of COS-hydrolysis 

catalyst [14]. Besides chlorides, H2S formed from sulfur species during gasification is not only corrosive 

to syngas cooler [14,114] but can also contribute to the strengthening the deposit by reacting with very 

fine iron particles to form pyrrhotite [115]. 

The other interesting observation with respect to the fouling deposits is the higher concentration of 

carbon rich particles [13]. Data from a demonstration facility showed that fine particulate stream  

(60% < 20 µm) entrained out the gasifier was substantially enriched in carbon indicating minimal carbon 

conversion as the reason for entrainment [13]. These char-ash particles are less likely to get deposited 

within the gasifier resulting in the entrainment. 

Koyama et al. studied the ash deposits obtained from a two-stage entrained-flow gasifier [83].  

The deposits were classified into three types: powdery, lump, and molten slag. It was found that some 

of the deposits were powdery due to presence of carbon rich particles, which prevented sintering of ash. 
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The inorganic phases having low concentration of carbon either partially sintered to form lumps or 

completely sintered to form molten slag [83]. The authors also found that ash particles started sintering 

when residual carbon was less than 10% by mass [83]. Influence of residual carbon on the deposition 

behavior of ash during gasification of Illinois #6 bituminous coal in an atmospheric pressure lab scale 

entrained flow reactor was studied by Li et al. [82]. The authors showed that at temperatures greater than 

the ash fusion (or flow) temperature, there is a critical carbon conversion, above which the capture 

efficiency (ratio of particles deposit on the surface to ratio of particles impacting the surface) of  

char-ash particles increased dramatically. For Illinois #6 coal, the critical carbon conversion was found 

to be 88% at 1673 K, while it was found to be 87% at 1773 K. The authors suggested that above critical 

conversion, the molten inorganic species are sufficiently exposed on the surface for the particle to 

become sticky [82]. It is not clear to what extent the deposition is caused by organic rich particles  

(ρHe ≤ 1.3 g/cc) in the feed. Contribution of organic rich and mineral matter rich particles on ash 

deposition can be studied using density separated coal fractions in lab scale entrained flow gasifier as 

their flow path in the gasifier is likely to be different. The presence of carbon in the deposit could also 

be due to engulfment of (fragmented) char particle by melt phase [116]. In such a case, ash particle with 

some amount of carbon can deposit in the convective regions of the gasifier. 

One of the ways to solve fouling related issues is through developing computational models that 

accurately predict the partitioning and deposition of ash particles in the gasifier. Some progress has been 

made towards predicting ash deposition and slag thickness in the gasifier [117–120]. However, their utility 

is very limited owing to lack of understanding of ash formation mechanisms and ash deposition 

mechanisms. Determining the partitioning requires particle size distribution of char and ash particles in 

the gasifier. Particle size distribution of ash and char particles are necessary to calculate stokes number. 

Stokes number can then be correlated with impaction efficiency (number of particles impacting the wall 

to the number of the particles in the bulk phase). Due to lack of extensive experimental studies at high 

pressures and temperatures, the models to predict the particle size distribution of char and ash is far from 

developed. With respect to correlating stokes number to impaction efficiency, some progress have been 

made under combustion conditions [79]. However, validity of such correlations especially under turbulent 

conditions in a gasifier is uncertain. The second step is to determine if the char-ash particle that hits the 

wall would be deposited on the slag or would be carried out of the gasifier as fly ash. It is known that 

particle with higher amount of carbonaceous matter is less likely to be captured by the slag [75]. 

Therefore, a correlation that takes char conversion into account is preferred. However, the traditional 

methods that characterize ash deposition are based on empirical viscosity models, ash fusion 

temperature, and based on temperature of critical viscosity (temperature below which the slag transforms 

from glassy Newtonian phase to crystalline) [121]. The major problem with these methods is that it takes 

only particle temperature and ash composition into account while neglecting the organic portion of the 

particle. The other methods to characterize ash deposition include critical carbon conversion, weber 

number and critical contact angle [122,123]. These are at best a rule-based criteria. It is important to 

recognize that sticking efficiency in the gasifier is dictated by particle temperature, gas temperature, 

slag/wall properties, char conversion, particle size distribution, particle velocity, and ash composition. 

Therefore, to have more reasonable model, sticking efficiency has to take above factors into 

consideration. In the step towards developing a comprehensive model, efforts have been made to develop 

an expression that equates Young’s modulus (modulus of elasticity of particle and substrate), particle 
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shape, and particle velocity to coefficient of restitution (ratio of rebounding velocity to the impact 

velocity of the particle) [124]. Further, a model was also developed to determine critical velocity (below 

which the particles would settle in the slag) using viscoelastic (theoretical) model [125]. The specialty 

of the model is that it takes the influence of carbon and ash composition on deposition into account. 

Although the model was validated with experimental data, more validation of this model is required.  

Despite limited understanding of ash forming mechanisms and ash deposition mechanisms, some 

solutions to fouling were adopted in various IGCC plants. These solutions vary from plant to plant and 

require adaptive measures. In Puertollano IGCC plant, syngas cooler fouling was due to sticky ash. The 

problem was overcome through increased syngas velocities through cooler and also through increased 

recirculation of syngas such that the inlet temperature to the cooler was reduced [126]. In the case of 

Polk power plant, the fouling in the convective syngas cooler was reduced by reducing the syngas inlet 

temperature [24]. This was achieved through increasing the heat transfer surface area of the radiant 

syngas cooler. Other options depending upon the extent of heat recovery from syngas include Texaco 

quench design (without radiant and convective syngas cooler), downflow fire tube design, or more 

expensive water tube design. 

The Polk power plant also experienced blockage of the convective syngas cooler due to deposits that 

formed during the initial start-up of the gasifier. Modifications to start-up procedures and the inlet gas 

flow path to the convective syngas cooler using computational fluid dynamics alleviated the problem [24]. 

5. Conclusions 

In the case of fixed bed gasifiers, bed agglomeration is highly undesirable as it can affect bed 

permeability and consequently perturb the stable operation of the gasifier. Determining the temperature 

range of slag formation based on ash fusibility temperature technique is not reliable. Techniques like 

thermodynamic modeling and viscosity modeling and/or combination of techniques can be used to 

predict the slag formation and viscosity with reasonable accuracy. A more advanced approach is to 

develop a computational model that not only tracks the ash/char particle within the gasifier but can also 

predict the slag formation at various location of gasifier thereby targeting a particular location for 

temperature reduction in the event of slag formation. 

Extensive agglomeration leading to defluidization, and fouling are the major problems in fluidized 

bed gasifiers. Agglomeration and defluidization in a fluidized bed reactor is affected by mineral matter 

composition, particle size distribution, and operation related parameters such as operating temperature, 

steam, O2 stoichiometry, and minimum fluidization velocity. Presence of pyrite, siderite, alkalis, and 

chlorides is also known to contribute to agglomeration and fouling related issues. Presence of sodium 

species particularly in low-rank coals contributes to the agglomeration and defluidization through 

interaction with silica while it forms sticky layer in the convective sections of the gasifiers as a result of 

condensation. Agglomeration and defluidization can be controlled by careful manipulation of operating 

conditions (such as temperature, fluidization velocity), blending of coals, water-washing and/or drying, 

using alternate bed materials, and injecting mineral additives. 

The operational challenges in entrained flow gasifiers are largely due to slag tap blockage, refractory 

degradation, and syngas cooler fouling. Understanding of the process of slagging, fouling and slag 

viscosity from a mechanistic or phenomenological point of view is very limited. Solving these issues 
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require considerable experimental data, understanding of the extent of various ash forming mechanisms, 

ash transport mechanisms, partitioning of inorganics into flyash and slag occurring under high pressure 

and high temperature conditions. The ash depositional studies conducted in the laboratory under 

gasification conditions are so far not representative of actual conditions prevailing in the gasifier. This 

means the resulting data is either inadequate or erroneous. Understanding (1) the effect of pressure on 

ash formation mechanisms; (2) ash transport mechanisms; (3) partitioning of ash to flyash and slag; and 

(4) development of more reliable computational models appear to be the immediate research needs. 

Besides ash and slag formation mechanisms, development of a refractory that remains stable under 

gasifier conditions for a long period (>36 months) is also another research need. Approaches like 

reducing the wettability of refractory by altering the properties of the refractory or slag, and reduction 

of porosity are also worth pursuing. Not much work has been reported in the open literature with respect 

to altering the wettability characteristic of slag or refractory. 
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