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1. Introduction 

Direct co-combustion of coal and secondary fuels in existing coal-fired power plants is regarded as 
an advantageous approach to replace part of the fossil fuel consumption by more CO2-friendly fuels 
such as biomass and waste. The major advantages of this technique have been summarized by 
several reviews available on this subject [1-8]. Compared to dedicated biomass- or waste-fired 
plants, the addition of biomass or waste to high efficiency coal-fired power plants can greatly 
increase the electrical efficiency of utilizing these fuels [4]. Besides, the cost of retrofitting an 
existing coal-fired power plant to a co-combustion plant can be considerably lower than building a 
new dedicated biomass- or waste-fired plant [9]. Furthermore, co-combustion can be operated in a 
flexible mode (i.e. with different share of secondary fuels) which can minimize the fluctuating 
supply of some secondary fuels (such as straw) and secure the power generation [1].  

Although with many advantages, co-combustion may involve a number of technical issues which 
need to be addressed [1,3,4]. For example, the cost of co-combustion may be considerably higher 
than that of dedicated coal combustion due to the relatively high price of the secondary fuels 
(including the transportation expense) and the cost associated with the required pretrements (such as 
drying, grinding and densification). In addition, co-combustion of coal and a secondary fuel in a 
coal-fired power plant may affect the performance of the plant, and lead to problems associated 
with ash deposition, fuel conversion, pollutant formation (such as NOx, SO2, and fine particles), 
corrosion, and fly ash utilization [4]. These issues have been the major technical barriers of co-
combustion, and have become the topics of extensive research in the past two decades. In addition, 
with the growing interest in utilizing biomass and waste in heat and power production, the 
understanding of the fundamentals of biomass and waste combustion has improved considerably in 
recent years through extensive research. These advances, together with the relatively well-
established knowledge on coal combustion, can generally allow us to achieve a good understanding 
on the co-combustion processes.  

This review aims to provide an outline of the fundamental fuel and ash conversion processes during 
co-combustion of coal and different secondary fuels, particularly at conditions relevant to 
pulverized fuel combustion.  Through a detailed assessment of the differences and interactions of 
coal and various secondary fuels in different fuel/ash conversion processes, the possible effect of 
co-combustion on a number of technical aspects, such as ignition, burnout, pollutants formation, ash 
deposition, corrosion, and ash utilization, are evaluated and interpreted based on literature.  
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2. Combustion fundamentals and gaseous emissions 

2.1 Devolatilization 

When a solid fuel particle is exposed to a high temperature environment, the organic structure can 
undergo thermal decomposition and release volatile matter. This process is described as 
devolatilization, with the major products containing light gases (mainly CO2, CO, H2O, H2, CH4 
and other light hydrocarbons), tar/soot and char. The characteristics of devolatilization, such as 
decomposition temperature, rate and product distributions, can subsequently influence the ignition, 
burnout and pollutant formation during solid fuel combustion [10-12].  

The devolatilization behavior of coal has been well characterized through experiments and 
modeling, with several detailed reviews available on this subject [10,11,13]. The major organic 
structures in coal can be categorized as aromatic clusters, side chains, aliphatic bridges and loops 
[14]. During the primarily devolatilization, the aromatic clusters are largely converted to tar and 
char, while the other organic structures are the main precursors of light gases [11]. The product 
distribution from the primary devolatilization of coal is influenced by factors such as coal properties 
(rank), heating rate, environmental temperature and pressure. The coals with lower rank generally 
produce more light gases during the primary devolatilization [10,15-18], due to the presence of 
smaller amount of aromatic carbon and larger amount of aliphatic chains. The formation of tar is 
usually most significant for the devolatilization of intermediate-rank coals (such as bituminous 
coals) [10,15-18], as these coals contain more aliphatic chains than the high-rank coals (such as 
anthracite) and more aromatic carbon than the low-rank coals (such as lignite), which favor tar 
formation. The formation of light gases such as CO, CO2 and CH4 during the primary 
devolatilization is reported to be promoted by increasing the temperature of the pyrolysis 
environment [19,20]. The formation of tar may also increase with increasing environmental 
temperature [19,20], whereas the effect may become insignificant when the temperature is above 
800 oC [20]. When the primary devolatilization is carried out at elevated pressure, the formation of 
tar as well as the total volatile species can be inhibited to some extent [10].  

Once the tar and light gases are released from the primary devolatilization of coal, they may 
undergo secondary reactions and produce soot and different light gases [21-24]. The secondary 
reactions of tar usually involve thermal cracking and/or soot formation. During the thermal cracking, 
the side chains and functional groups in the tar are cracked to produce light gases [25]. On the other 
hand, the main mechanisms of soot formation are considered to be the direct conversion of tar and 
the addition of light gases to soot [21].  

Compared to coal, biomass and waste are often characterized by a higher volatile content and a 
lower char content [26]. Extensive research has been carried out on devolatilization of biomass and 
waste [27-31]. For biomass and biomass-originated waste, such as waste wood and paper, the major 
organic components are usually cellulose, hemicellulose and lignin [26,27]. During the 
devolatilization, the hemicellulose often decomposes at lower temperature compared to cellulose, 
and produces more volatiles, less tar and less char. Lignin is an amorphous cross-linked resin, 
which can produce more char during devolatilization than that of cellulose or hemicellulose [27]. 
Due to the structural differences between biomass and coal, their devolatilization characteristics are 
usually quite different. A typical example is given in Figure 1, showing that the devolatilization of 
the biomass mixture occurs at much lower temperature than that of coal, and produces much more 
light gases and tar. The devolatilization of biomass is greatly influenced by the biomass properties 
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and the process parameters such as environmental temperature and heating rate [28]. A higher 
environmental temperature usually inhibits the char yield and promotes the light gas formation. The 
maximum yield of tar is often observed at intermediate environmental temperature range (~500–700 
oC), which is related to both the primary release and secondary reactions of tar [28]. More detailed 
investigations on biomass devolatilization are summarized in [27,28].  

An important constituent of waste materials is highly polymerized materials such as plastics and 
rubbers. Compared to biomass, devolatilization of plastics and rubbers generally occurs at higher 
temperature and produces more volatiles. According to the thermogravimetric analysis (TGA), the 
devolatilization of various plastics primarily takes place in the temperature range of ~400–550 oC, 
while the devolatilization of biomass (lignocellulosic materials) mainly happens in the temperature 
range of ~200–400 oC [29-31]. PVC (Polyvinylchloride) is a special type of plastics, which starts to 
decompose at lower temperatures than most other plastics [29-32]. The devolatilization of PVC 
primarily follows two steps. The first step (dehyrochlorination) occurs in the temperature range of 
~200–370oC, in which a fraction of hydrocarbons is released as benzene and the Cl is almost fully 
released as HCl. The second step takes place in the temperature range of ~400–500oC, which is 
accompanied by the evolution of toluene and alkyl aromatics [29-32]. 

 

Figure 1 Mass loss and product distribution during devolatilization of a bituminous coal and a 
biomass mixture at a heating rate of 30 oC/min, adapted from [33].   

The interactions between coal and biomass/waste during devolatilization have been investigated 
through TGA, fixed-bed, and entrained flow experiments [34-43]. A number of studies show that 
the interactions between coal and biomass/waste are negligible during the devolatilization 
[34,39,41,43,44], suggesting that the devolatilization behavior of the fuel mixture is additive (i.e. no 
obvious synergy effect between the fuels). On the other hand, some others report that small 
interactions may exist, when coal is pyrolyzed together with biomass/waste [35,36,38,40,42]. The 
mechanisms which may cause the interactions are discussed in the following. 

When coal is pyrolyzed together with biomass, the volatiles released from biomass may react with 
coal or coal volatiles. These reactions may promote the formation of volatiles from the fuel mixture, 
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and meanwhile inhibit the char yield [36,38,40,42]. A possible explanation is that the 
devolatilization of typical biomass/waste may produce relatively large amount of H2, which can 
prevent the recombination and cross-linking reactions of free radicals, thereby suppressing the char 
formation [36]. Alternatively, the free radicals such as H* and CH3* originated from the 
decomposition of aliphatic components of coal may react with the methoxyphenolic compounds 
from biomass devolatilization and form benzene substitutes [38]. The presence of such reactions 
may influence the distribution of volatile products from co-pyrolysis, and result in an increased 
formation of tar [35,42]. However, the extent of the secondary reactions among the released 
volatiles and the fuel mixture are to a large extent dependent on their mixing level and contacting 
time [39]. This may be an explanation to the insignificant synergy effect reported in other co-
pyrolysis experiments [34,39,41,43,44]. The extent of synergy may be also dependent on the 
characteristics of the fuels, such as coal rank and biomass properties [37,40].  

Besides the organic species, inorganic elements in biomass/waste may induce certain interactions 
during co-pyrolysis of coal and biomass/waste, since these elements may catalyze solid fuel 
devolatilization [45-47]. When biomass is demineralized, the initial devolatilization temperature is 
often increased compared to that of raw biomass, indicating that the cations in biomass, such as Ca, 
Mg, and K, may catalyze fuel decomposition to start at lower temperatures. Besides, the 
demineralization process may affect the distribution of the devolatilization products and result in an 
increased formation of volatiles [45-47]. As a result, when coal is co-pyrolyzed with biomass/waste 
of high ash content, the catalytic effect of inorganic elements may lead to interactions. As an 
example, during co-pyrolysis of coal and MBM (meat and bone meal), the DTG (derivative 
thermogravimetric analysis) curve of the mixture is found to be shifted to lower temperature, 
compared to that calculated from the pure fuels. This is partly explained by the catalytic effect of 
the inorganic elements in MBM, as the interactions are weakened in a mixture of demineralized 
MBM and coal [48].  

Synergy effects have also been observed when coal is pyrolyzed with plastic materials, such as 
LDPE (low density polyethylene) and PP (polypropylene) [49-51]. At temperatures lower than the 
decomposition temperature of plastics, the devolatilization of the mixture is reported to be inhibited, 
which is probably because the softening and melting of plastics may inhibit the evolution of volatile 
matter during coal pyrolysis [49,51]. However, when the temperature becomes higher than the 
decomposition temperature of the plastics, the devolatilization of the mixture may be promoted and 
result in an increased formation of volatiles [49,51]. A possible explanation is that the hydrocarbon 
species originated from cleavage of polymer bonds may react with the radicals from coal thermal 
decomposition, which stabilize the primary decomposition products and thereby promote the 
formation of volatiles [49].  

The presence of PVC in fuel mixtures may significantly affect the devolatilization behavior of other 
solid fuels, particularly for the lignocellulosic materials [30,52]. Co-pyrolysis of PVC and 
lignocellulosic materials may lower the decomposition temperature of the lignocellulosic materials 
and increase the char yield [30,52]. These interactions are primarily linked to the HCl released from 
the dehyrochlorination of PVC. The evolution of HCl may facilitate dehydration and aldehyde 
formation from the lignocellulosic materials, which could inhibit depolymerization and thereby 
promote the char formation [52].  

It should be noted that the majority of the interactions during co-pyrolysis of coal and 
biomass/waste are observed during TGA experiments, in which fuel particles are intimately 
contacted and the heating rate is relatively slow. In the case of co-pyrolysis at suspension-fired 
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conditions, the extent of interactions may be limited, due to the constraints in mixing and contacting 
time among the fuel particles and the volatiles.   

2.2 Ignition and flame stability 

During solid fuel combustion, ignition and flame stability are important for carbon burnout and 
formation of pollutants such as NOx [53,54]. The ignition of solid fuel particles can follow two 
mechanisms, i.e. heterogeneous ignition and homogeneous ignition. The heterogeneous ignition 
usually results from the direct attack of oxygen on the fuel/char particle surface, while the 
homogeneous ignition describes the ignition of the volatiles released from the fuel particles [53,54]. 
The ignition characteristics of solid fuels, including ignition mechanism, time (delay) and 
temperature, are influenced by a number of factors such as fuel characteristics, particle size/shape, 
ambient temperature/heating rate, ambient gas compositions, particle number density and fluid flow 
[53-59].  

In co-combustion of pulverized coal and biomass, the applied biomass particles are usually 
considerably larger than the coal particles [3,60-62]. Biomass is more difficult and costly to grind 
than coals [3,9], and the characteristics of biomass (such as the high volatile content) allows it to 
have a relatively large particle size in co-combustion. Due to the differences in particle size and in 
the inherent fuel characteristics, the ignition behavior of biomass and coal particles may be quite 
different, which can influence the flame characteristics in co-combustion.  

With the purpose of comparing the ignition/flame characteristics of pulverized coal and biomass 
(sawdust), experiments have been conducted in a semi-industrial-scale reactor [63]. Compared to 
the coal flame, a more intense and wide flame is observed near the burner during the sawdust 
combustion, which is attributed to the volatiles released from the fine fraction of sawdust particles. 
On the other hand, a second flame stage appears downstream of the near-burner region during 
sawdust combustion, which is presumably related to the combustion of the large sawdust particles. 
These large sawdust particles usually require more devolatilization time and could more easily 
penetrate the IRZ (internal recirculation zone) of the burner compared to the coal particles [63].  

A similar two-stage flame has been seen during co-combustion of coal and straw [64], as indicated 
by the O2 and CO distributions shown in Figure 2. Particle sampling suggests that the second flame 
stage results from the large and dense straw knee particles. These particles can have sufficient 
momentum to penetrate the IRZ of the burner [65], and the large particle size may cause a 
significant intra-particle temperature gradient which prolongs the devolatilization process [66]. By 
decreasing the primary air flow (i.e. inertia of straw particles), the flame is found to be shortened 
and the second flame stage disappears, suggesting that the flame structure in co-combustion is 
largely dependent on the injection method of biomass [64]. This is supported by the experiments 
carried out in a down-fired furnace, showing that the injection method of biomass can greatly affect 
the burnout and NO emissions [67].  

The influence of co-firing coal and different biomass on the flame temperature, stability and other 
characteristics has been investigated by using vision-based measurement techniques on an 
industrial-scale combustion test facility [68]. The addition of 10% (thermal basis) biomass generally 
resulted in a delayed ignition of the fuel particles compared to the coal flame. This is presumably a 
result of the relatively large particle size and high moisture content of the biomass particles. For 
biomass with smaller moisture content, the ignition time is shorter than that of other co-combustion 
experiments. The brightness of the co-firing flames is consistently higher than that of coal flames, 
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presumably because biomass may generate more soot with high radiant intensity. The oscillation of 
the co-firing flames is quite similar to a coal flame, indicating that the flame stability is not 
significantly affected when part of the coal is replaced by biomass [68]. The temperature of the co-
firing flame is slightly greater than that of coal flame, which is attributed to a faster heat release 
caused by the volatiles from biomass [68]. Similar increased flame temperature is observed when 
coal is co-combusted with sawdust in an electrically heated drop tube reactor [69].  

 

Figure 2 O2 and CO distributions in a flame of co-firing coal and straw (50% thermal basis); the 
straw was injected through a center tube with an air flow of 16.5 kg/h and the coal was injected via 
an annular tube with an air flow of 15.0 kg/h [64]. 

In general, the influence of adding biomass to a coal flame is to a large extent dependent on the 
physical and chemical properties of the biomass particles and their injection method. The relatively 
large size of biomass particles, together with a high moisture content, may result in a delayed 
ignition [68] or devolatilization [64,66]. If the delayed devolatilization is associated with a 
significant momentum of large biomass particles, it may result in a two-stage flame structure 
[63,64]. Besides, biomass usually contains relatively large volatile content and starts to decompose 
at lower temperatures [70], which is a favorable condition for generating a more intensive flame 
than coal flame [63,64,68,69]. The injection method of biomass particles also significantly affects 
the extent of fuel interactions, and subsequently impacts the ignition and flame characteristics 
during co-combustion [64,67,68].  

2.3 Char reactivity and burnout 

The degree of carbon burnout refers to the fraction of combustion matter in the parent fuel that is 
converted to gaseous products, with the remainder being left as carbonaceous residue [71]. In 
pulverized fuel combustion, the carbon burnout does not only influence the thermal efficiency of 
the plant, but also affects the quality of fly ash to be used in cement or concrete production [71,72]. 
The typical combustion history of a solid fuel particle is illustrated in Figure 3. It can be seen that 
the characteristic time of char oxidation is much longer than that of heating or devolatilization. 
Therefore the burnout in pulverized fuel combustion is to a large extent dependent on the char 
reactivity of the fuel particles.  
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Figure 3 Typical combustion history of a biomass particle (switchgrass), also representative for a 
coal particle [3].  

The global reactivity of a char particle is governed by the mass and heat transport across the 
external boundary layer of the particle, by the mass and heat transport through the porous structures 
of the particle, and by the chemical reactions occurring between oxygen and the carbonaceous 
surfaces within the particle [28]. In general, the combustion of char particles can follow three 
regimes [28,71].When the diffusion rate is much faster than the chemical reaction rate, the 
combustion of char particles follows the regime I (kinetic control), which is usually established for 
low temperatures and small char particles. For the regime II, the chemical reaction rate becomes 
comparable with the pore diffusion rate. Thus the char combustion is controlled both by pore 
diffusion and chemical reaction. For the regime III, the char combustion is controlled by the 
diffusion from the bulk gas to the external surface of the particle [28,71]. During pulverized fuel 
combustion the char oxidation generally follows the regime I and II, whereas the regime III is often 
favored by fixed-bed combustion where larger particles are combusted [71].   

The reactivity of char particles can be influenced by various factors such as fuel characteristics, 
heating rate, temperature, and pressure [28,71]. For co-combustion where different fuel particles are 
combusted at similar conditions, the discrepancy in the char reactivity of different fuel particles is 
largely attributed to the fuel characteristics. A comparison of the char reactivity of different solid 
fuels has been performed through TGA experiments at kinetic control conditions (regime I) [73]. 
Figure 4 shows the obtained reactivities for 17 char samples prepared at 1000 oC. The reactivities of 
different solid fuels vary almost 4 orders of magnitude under identical conditions. For coal chars, 
the char reactivity generally decreases with increasing carbon (daf) content of the coals, which is 
consistent with the tendency observed in another study [71]. The reactivity of biomass chars is 
generally greater than that of coal chars, which is in agreement with several other studies [74-77]. 
Since the non-catalytic model/pure materials (such as cellulose) shown in Figure 4 exhibit 
uniformly low char reactivity, the variations of the char reactivity of biomass and coal samples are 
primarily attributed to the catalytic effect of the inorganic elements (such as Ca, Mg and K) present 
in these fuels. The char surface area can also influence the reactivity, but this effect is believed to be 
less significant compared to the catalytic effect of the inorganic elements at the given experimental 
conditions [73].   
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Figure 4 Measured reactivity of chars prepared at 1000 oC from 17 samples versus the carbon 
content (daf) of the fuels [73].  

To investigate the catalytic effect of inorganic elements on char reactivity, Zolin et al. have carried 
out a detailed investigation on the char reactivity of a straw and a low rank coal [78]. For the char 
samples produced in a TGA, the catalytic effect of the inorganic elements appears to be significant 
both for the straw and the coal at heat treatment temperatures up to 1000 oC, as reflected by a much 
lower char reactivity of the demineralized coal and washed straw compared to raw fuels. However, 
when the char is produced in the TGA at temperatures higher than 1200 oC, the catalytic effect of 
the inorganic elements is reduced, which is interpreted by the transformation of the inorganic 
elements and/or the char thermal deactivation such as annealing. On the other hand, for the char 
produced in an entrained flow reactor (EFR) at 1200 oC/1400 oC, the reactivity of the char from raw 
straw is still about 30-40 times higher than that of leached straw, indicating that the reduction of the 
catalytic effect at high temperatures is insignificant at this condition. A possible explanation is that 
the time scale of the heating stage in the EFR may be shorter than that needed for the deactivation 
or vaporization of the inorganic catalysts. In addition, the char sampling method in the EFR may 
recombine inorganic aerosols such as KCl on the char surfaces [78].  

Although the reactivity of biomass char particles is generally greater than that of coals [73-78], the 
carbon burnout in co-combustion of coal and biomass is affected by other factors, such as the 
residence time, the shape, and the ignition/heating characteristics of fuel particles. The 
investigations on the influence of co-combustion on the burnout have been carried out on with a 
number of different coals and biomass [79-81]. Depending on the fuel characteristics and 
combustion environment, co-combustion of coal and biomass may either increase or decrease the 
burnout, compared to dedicated coal combustion.  

During co-combustion of coal and straw in a pulverized coal-fired power plant [79], the unburnt 
carbon in the fly ash is found to decrease progressively with increasing share of straw. On the other 
hand, the unburnt carbon in the bottom ash is increased with increasing share of straw, which is 
interpreted as a result of insufficient residence time for some dense straw particles [79]. Similar 
results are obtained during co-combustion of pulverized coal and sawdust in a full-scale plant [80], 
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showing that the residue carbon in fly ash is decreased by the addition of sawdust and some large 
unburnt wood particles are seen in the bottom ash. The beneficial effect of biomass addition on the 
burnout is also observed during co-combustion of lignite and sawdust in an isothermal flow reactor 
[81], during co-combustion of coal and a number of different biomass in a down-fired combustor 
[82], and during co-combustion of different coal and biomass both under air and oxy-fuel 
combustion conditions [83]. In general, the observed effect is likely a combination of several factors. 
Because of the catalytic effect of inorganic elements and the porous structure, the reactivity of 
biomass char is usually greater than that of coal char [73-78]. Besides, the biomass char particles 
are usually non-spherical and have large aspect ratios, which are more favorable in terms of heat 
transfer and residence time, compared to the equivalent spherical particles [84]. The possible higher 
flame temperature during co-combustion of coal and biomass may also be an advantage for the 
burnout [68,69]. Moreover, during co-combustion of coal and biomass, the particle size of biomass 
char is often larger than that of coal char, which can result in a higher slip velocity between char 
particles and local gas [3]. Therefore, in the same boiler, the residence time of a biomass char may 
be longer than that of coal char, and result in an increased burnout.  

In contrast to the enhancing effect, some studies show that the addition of biomass can reduce the 
burnout during co-combustion. The experiments in a pulverized fuel combustion test facility reveal 
that co-combustion of coal and biomass (straw/wood/miscanthus) results in a reduced burnout 
compared to dedicated coal combustion [9]. The observed decreased burnout is primarily attributed 
to the large biomass particle size used in the experiments and the relative short residence time in the 
test facility [9]. Similar decreased burnout is observed when coal is co-fired with wood in a 
pulverized coal-fired power plant [85]. Generally, the decreased burnout during co-combustion of 
coal and biomass is most likely linked to the large particle size and high moisture content of the 
biomass particles, which may delay the devolatilization and subsequently the char oxidation 
processes [66]. Selection of biomass with suitable particle size and moisture content is therefore of 
key importance to ensure a satisfactory burnout in co-combustion of coal and biomass [3,9].  

2.4 NOx emission 

The formation of NOx during solid fuel combustion mainly follows three mechanisms, namely 
thermal NO, prompt NO, and fuel NO [12]. The thermal NO is formed from the reactions between 
N2 and O2, according to the so called extended Zeldovich mechanism: 

2O N NO N                                                                                                                       (1.1)   

2N O NO O                                                                                                                        (1.2) 

N OH NO O                                                                                                                         (1.3) 

The prompt NO formation is initiated by the attacking of hydrocarbon radicals on the N2 triple bond. 
The reactions can generate cyanide species which can be subsequently oxidize to NO [12].  

The fuel NO is formed from the oxidation of the nitrogen species present in solid fuels. When solid 
fuels are exposed to high temperature, the nitrogen species are released as volatiles or retained in 
char during the devolatilization stage. The volatile-N released from primary devolatilization 
consists of light gases (mainly HCN and NH3) and tar-N. The tar-N may be decomposed to light 
gases and soot-N during secondary devolatilization. With the presence of oxygen, the nitrogen in 
char, soot and light gases may be oxidized to NO or recycled to N2. The comprehensive fuel-N 
conversion processes during solid fuel combustion have been reviewed in [12]. The emphasis here 
is on identifying the possible interactions on NOx formation during co-combustion of different solid 
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fuels, especially coal and biomass.  

For coal and biomass, the characteristics of the nitrogen species released during devolatilization are 
usually quite different, with respect to the onset decomposition temperature and product 
distributions. The release of volatile-N during biomass devolatilization may start at lower 
temperatures than that of coal [12,86-89]. The release of volatile-N may begin at 200-300 oC during 
biomass devolatilization and up to about 50-80% of the fuel-N may be released as volatile-N at 500 
oC [86]. However, for coal, the onset temperature for volatile-N release is usually about 500-600 oC 
[33,86]. This difference may be attributed different initial devolatilization temperatures of coal and 
biomass, which has been discussed previously, with a typical example given in Figure 5. Besides 
the onset temperature, the distribution of nitrogen products from coal and biomass devolatilization 
may also be different. A typical example of the distribution of nitrogen species from coal and 
biomass (chicken litter) devolatilization is given in Figure 5. It shows that the formation of gas-N 
during the biomass devolatilization is much more pronounced than that of coal, whereas the 
devolatilization of coal produces significantly more tar-N and slightly more char-N [33]. Other 
studies also support that the formation of gas-N during biomass devolatilization is more pronounced 
compared to coal [33,87,90]. The major gas-N species from coal/biomass devolatilization are HCN 
and NH3. Compared to coal, biomass devolatilization may evolve more NH3 [12]. This is 
presumably related to the presence of amino groups in biomass which may directly yield NH3 
through thermal decomposition [90]. In addition, biomass may have more oxygen functional groups 
that that of coal, which is a favorable condition for the hydrogenation of NH3 from HCN [12].  

 

Figure 5 Partitioning of fuel nitrogen between gas, tar and char for coal and chicken litter obtained 
from an experiment carried out at a wire mesh reactor at 1300 oC [33].  

The variations in the distribution of nitrogen species from biomass and coal devolatilization may 
lead to some interactions for the NOx formation during co-combustion. In addition, the formation of 
NOx during co-combustion is closely related to the flame characteristics, which are affected by the 
properties and injection method of the secondary fuels. Therefore, the observed effect of co-
combustion on NOx formation is often resulted from a combination of several factors. The 
formation of NOx during co-combustion of straw and different coals has been studied in a pilot-
scale reactor and a full-scale pulverized coal-fired power plant [91]. As shown in Figure 6, the 
conversion of fuel-N to NO generally decreases with increasing shares of straw. This is conceivably 
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related to the higher volatile and fuel-N release at the near-burner region, which may lower the 
excess air ratio in the region and thereby reduce the NO formation. In addition, the observed darker 
flame (lower flame temperature) with increasing share of straw may also be a possible reason for 
the reduced NO formation. Compared to the low NOx flames, the effect of straw addition seems to 
be even more pronounced for the high NOx flames, suggesting that burner configuration may be 
important to the NOx formation in co-combustion [91]. Similar reducing effect of biomass addition 
on the conversion of fuel-N to NO during co-combustion has been reported in other studies 
[7,60,82,92], which generally support the results shown in Figure 6. The influence of burner 
configuration and air staging on NOx formation during co-combustion is investigated [9,82]. It 
appears that air staging may enhance the reducing effect of biomass on NOx formation, if the 
residence time in the reducing zone is sufficiently long for completing the devolatilization of 
biomass [9]. The influence of burner configurations on the NOx formation may be dependent on the 
characteristics of secondary fuels, as different burner mode is favored when coal is co-fired with 
straw or sewage sludge [9].  

 

Figure 6 Conversion of fuel-N to NO (%) during co-combustion of different coal and straw under 
pulverized combustion conditions. Solid symbols denote the results from high NOx flames, while 
the open symbols denote the results from low NOx flames [91].   

It is worthwhile to mention that the reduced conversion of fuel-N to NO obtained during co-
combustion of coal and biomass may not necessarily indicate the presence of net interactions 
between coal and biomass on NOx formation. As shown in Figure 6, the conversion of fuel-N to NO 
is lower for pure straw combustion than that for coal combustion. Therefore, the observed reduced 
fuel-N conversion may simply be an additive effect, since the fuel-N in biomass may have a lower 
propensity to generate NOx than that of coal. The experiments carried out by Robinson et al. support 
that the net interactions of coal and biomass on NOx emission are insignificant [93], suggesting that 
the fuels in co-combustion may behave as they are combusted in isolation. However, the 
experimental results of Robinson et al. are obtained under carefully controlled combustion 
conditions [93]. In practical applications, the addition of secondary fuels may influence the 
temperature and stoichiometry of combustion, and certain interactions may exist. A significant 
reduction on NOx formation may be achievable through optimizing the burner configurations and 
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air staging during co-combustion [9,82]. In addition, biomass may also be applied as a reburn fuel 
to minimize the NOx emission [94,95]. 

2.5 SOx emission 

During solid fuel combustion, the sulphur in the fuel may be converted to gaseous SO2/SO3 or 
partitioned to ash/aerosols. Global equilibrium calculations show that SO2 is the only stable sulphur 
species at temperatures above 1200 oC during pulverized fuel combustion at oxidation condition 
[96]. At lower temperatures, part of the SO2 may be transformed to solid phase, through reacting 
with inorganic elements such as Ca and K. In addition, a small fraction of SO2 may be oxidized to 
SO3, which may be further condensed as sulfuric acid at certain conditions [97]. However, the 
formation of SO3 during pulverized fuel combustion is generally limited to about 0.5-1.5% of the 
fuel-S [97]. Thus the major SOx emission from pulverized fuel combustion is SO2, and the major 
mechanism for reducing the SO2 emission during combustion is the reaction between SO2 and other 
ash forming elements.  

 

Figure 7 Conversion of fuel-S to SO2 (%) during co-combustion of different coal and straw under 
pulverized combustion conditions. Solid symbols denote the results from pilot-scale experiments, 
while the open symbols denote the results from full-scale tests [91].   

Compared to coal, biomass/waste is often characterized by smaller fuel sulphur content [26]. 
Therefore, when coal is co-fired with biomass/waste containing less sulphur, it may naturally lead 
to a decreased SO2 concentration in flue gas. Beyond this dilution effect, the ash from coal and 
biomass/waste may have different capture capability towards the gaseous SO2, which can further 
affect the SO2 emission. A typical example of such effect is shown in Figure 7. Although with some 
experimental uncertainties (e.g. the conversion of fuel-S to SO2 is sometimes above 100%), the 
general tendency shows that the conversion of fuel-S to SO2 is decreased with increasing share of 
straw. This indicates that the ash from straw may be able to capture more gaseous SO2 than that of 
coal ash [91]. Similar effect has been observed in other studies, showing that the S content in the 
ash from co-combustion is increased with increasing share of straw [9,60,79].  
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The effect of straw addition on the fuel-S conversion in co-combustion is mainly attributed to the 
high ash and K content of straw [91]. When a secondary fuel with low ash and sulphur content 
(such as wood) is applied, it probably has a negligible impact on the fuel-S conversion during co-
combustion [98]. Besides the properties of the secondary fuel, the fuel injection method and other 
combustion conditions may also play a role on the fuel-S conversion during co-combustion. 
Through comparing the experimental results with the predictions of global equilibrium calculations 
[91], it seems that the reactions between SO2 and other ash forming elements are kinetically limited. 
Therefore, if sufficient mixing and long residence time can be provided, the effect of the secondary 
fuel on fuel-S conversion may become more significant, and vice versa.  
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3. Ash formation, deposition and utilization 

Ash related issues such as slagging, fouling, corrosion and particulate emissions are of significant 
concerns in co-combustion of solid fuels. This is mainly because the secondary fuels applied in co-
combustion, such as agricultural residues and waste-derived fuels, usually contain large amount of 
alkalis and chlorine that may be easily released to gas phase during combustion. The released alkali 
and chlorine may generate alkali chlorides and may cause severe ash deposition and corrosion on 
the heat transfer surfaces. In addition, the vaporized inorganic elements are a major precursor of the 
aerosols generated from combustion. These aerosols are not only the main source of particular 
matters emitted to the environment, but also a major reason for the deactivation of SCR units in the 
plant. Therefore, it is critical to understand and address the ash related problems in co-combustion. 
With this objective, the fundamentals on ash formation, deposition, corrosion and utilization in 
solid fuel combustion are reviewed in this section. In addition, the possible interactions among 
different solid fuels on ash related issues are also evaluated. It should be noted that the present 
section mainly focuses on the behavior of the major ash forming elements in co-combustion, since 
these elements dominate the ash formation.  

3.1 Ash forming elements in solid fuels 

The ash forming elements that are significantly concerned during co-combustion of coal and 
biomass/waste are K, Na and Cl, since the ash related problems mentioned earlier are to a large 
extent induced by these elements. Despite of the diverse nature of coal, biomass and waste, the 
content of K, Na and Cl in these fuels shows some general tendency, which may be related to the 
origins/biological features of these fuels. Figure 8 shows the concentrations of ash, alkali (K+Na), 
and Cl in several different groups of biomass, waste and coals. These biomass/waste are chosen 
because they are extensively used in co-combustion [93,99-104]. Although the data shown in Figure 
8 are comprehensive, they can still reveal some general features of these fuel groups. The features 
observed are: (1) woody biomass is generally of the lowest ash, alkali and Cl content among the 
fuel groups; (2) grasses usually have slightly larger ash, alkali and Cl content than that of woody 
biomass; (3) coals are comparable to grasses or woody biomass in terms of alkali and Cl content, 
but the ash content is often considerably larger and varies significantly; (4) the ash and alkali 
content in RDFs (refuse derived fuels) is generally within the range of coals, but the Cl content is 
significantly larger; (5) the straws are comparable to RDFs in terms of Cl and ash content, but have 
a significantly larger alkali content than that of other fuel groups.  

Comparison of the alkali and Cl content of the fuel groups in Figure 8 indicates that straw may be 
the most problematic fuel group to be used in co-combustion, since it has both large Cl and alkali 
content. On the other hand, a fuel with large Cl and alkali contents may not necessarily lead to 
severe ash related problems in combustion, since the Cl and alkalis in the fuel may undergo 
complicated reactions with other ash forming elements during combustion. These reactions may 
prevent the formation of alkali chlorides, by converting the Cl and alkalis to less harmful species 
(such as HCl, alkali aluminosilicates/sulphates). Therefore, in addition to the content of Cl and 
alkali in the fuel, the content of other ash forming elements also plays an important role on the ash 
behavior during combustion.  
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Figure 8 (a) alkali content (wt% db.) versus ash content (wt% db.) in different solid fuels, (b) 
chlorine content (wt% db.) versus ash content (wt% db.) in different solid fuels. The data are 
derived from open literature [26,93,99,101-106].  

One of the major inorganic elements that may influence the behavior of alkali and Cl during 
combustion is Si. This is because some Si containing minerals in the fuel (such as kaolinite) may 
react with the gaseous alkali chlorides generated from combustion, and lead to the formation of 
high-melting temperature alkali aluminosilicates/silicates and gaseous HCl. The molar ratios of 
(Na+K)/Si and Cl/Si in different fuel groups are plotted in Figure 9. It shows that the molar ratios of 
(Na+K)/Si and Cl/Si in coals are generally much smaller than that of other fuel groups, indicating 
that coals may contain relatively more reactive Si species than other fuel groups, which may prevent 
the formation of alkali chlorides during combustion. For the remaining fuel groups, the variations of 
the molar ratios of (Na+K)/Si and Cl/Si are significant, and no general tendency can be observed. 
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Figure 9 Molar ratios of (Na+K)/Si versus Cl/Si in different solid fuels. The data are derived from 
open literature [26,93,99,101-106].  

The fuel S content also plays an important role in mitigating the ash related problems caused by the 
Cl and alkali content. It is primarily because of the gaseous S (SO2/SO3) may react with the alkali 
chlorides, generating alkali sulphates which do not only have higher melting temperatures than 
alkali chlorides, but also are less corrosive for heat transfer surfaces. The molar ratios of (Na+K)/S 
and Cl/S in different fuel groups are shown in Figure 10. It is obvious that the coals generally have 
much smaller (Na+K)/S and Cl/S molar ratios compared to other fuel groups. This indicates that 
coal combustion may generate relatively more SO2/SO3, and the extent of sulphation reaction on 
alkali chlorides may be more significant. For the remaining fuel groups, it seems that there is no 
general difference among these groups, with respect to the molar ratios of (Na+K)/S and Cl/S.  

Other ash forming elements may also directly or indirectly influence the behavior of alkali and Cl in 
combustion. For example, the Ca in the fuel may react with part of the Si or S species, which may 
inhibit the reactions between alkalis and these species [99]. The Al in the fuels may to some extent 
affect the reactivity of the Si species on alkali chlorides, since aluminosilicates are usually more 
reactive than silicates [107]. However, in most cases, these ash forming elements are not the most 
critical elements that can induce or mitigate the ash related problems in co-combustion. Therefore, a 
comparison of the content of these ash forming elements in different fuel groups are not provided 
here. More insights to the ash properties of different solid fuels can be found elsewhere [26,105]. 

Besides the fuel groups mentioned earlier, there are some other biomass/waste groups which are 
also widely used as secondary fuels in co-combustion, such as sewage sludge, animal residue and 
seed-originated biomass. In general, sewage sludge is characterized by significantly larger ash 
content (~30–50 wt%, dry basis) than other biomass/waste groups, and the ash usually contains 
considerable amount of Si, Fe, Al, Ca and P [108-111]. Animal residues, such as manure or meal 
and bone meal (MBM), may have larger ash, Ca and P content than the typical woody/grassy 
biomass [112-114]. Another special group of biomass is seed-originated biomass, such as grain and 
rapeseed meal, which usually has significantly larger P content than that of other biomass [115-119].  
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Figure 10 Molar ratios of (Na+K)/S versus Cl/S in different solid fuels. The data are derived from 
open literature [26,93,99,101-106].  

3.2 Association of ash forming elements   

The concentration of the ash forming elements in the fuel is not the only factor that influences the 
ash behavior during combustion. An additional factor which can play an important role is the 
association of these elements. Although different classification methods may be used, the ash 
forming elements in solid fuels can be generally categorized as organic association (elements that 
are organically bound, ionically bound or water dissolvable) and mineral association (elements that 
exist as included or excluded minerals) [120,121]. The association of the ash forming elements may 
not only greatly affect the vaporization behavior of these elements during combustion but also 
influence their reactions.  

A number of methods have been applied to evaluate the association of ash forming elements in coal, 
such as microscopy based techniques (e.g. CCSEM) and spectroscopy based techniques (e.g. XAFS 
and XRD) [122,123]. However, some of these techniques developed for coal may not be 
appropriate for biomass, since biomass is often characterized by a low degree of mineralization. A 
widely used method for identifying the association of ash forming elements in biomass/waste is the 
chemical fractionation method, which was initially developed for coal [124,125], and later adapted 
to biomass/waste [126,127]. The chemical fraction method is a sequential leaching method. 
According to the standardization proposed by Zevenhoven et al. [127,128], the fuel sample is 
leached successively by water, 1 M ammonium acetate and 1 M hydrochloric acid, and then the 
concentrations of ash forming elements in these solutions as well as in the residue are analyzed. The 
partitioning of the ash forming elements to different fractions can provide information about the 
occurrence mode of these elements. In general, it is considered that the easily soluble salts such as 
alkali chlorides and sulphates would appear in the water soluble fraction; the organically associated 
ions would be mostly present in the ammonium acetate solution; the acid solution would consist of 
acid-soluble salts or minerals like earth alkaline carbonates and sulphates; and the residues would 
be primarily comprised of mineral materials such silicates or aluminosilicates [127,129]. It has to be 

0.01

0.10

1.00

10.00

0.00 0.01 0.10 1.00 10.00

(N
a+

K
)/

S

Cl/S

Woody biomass

Grass

Straw

RDF

Coal



18	
	

mentioned that the interpretations to the chemical fractionation results are quite fuel/element 
specific, and there is no general agreed guidelines for quantifying the results [129]. Nevertheless, 
the chemical fractionation analysis is still considered to provide valuable information about the 
speciation of ash forming elements in different solid fuels, and the information is important for 
understanding the behavior of these elements during combustion [128].    

Based on the chemical fractionation analysis [130-134], the association of some critical ash forming 
elements in different solid fuels is compared in Figure 11–Figure 13. In the figures, the fractions 
that are leached by water and ammonium acetate are summed together, since these fractions are 
considered to behave similarly during combustion (i.e. relatively easier to be released to gas phase). 
The remaining fractions, i.e. acid soluble fraction and residue fraction, are considered to be more 
difficult to be released during combustion.  

 

Figure 11 Percentage of K and Na (%) that appears as H2O and NH4Ac (ammonium acetate) soluble 
in different solid fuels. The data are derived from open literature [130-135]. 

From Figure 11, it is seen that the majority of the K (60–100%) in biomass/waste is leachable by 
water and ammonium acetate, while this fraction in most coals is usually less than 10% (except for 
some low rank coals). This indicates that the association of K in biomass/waste may be quite 
different from that of coal. In live plants, such as wood and straw, the K may predominantly exist as 
mobile ions surrounded by water molecules, or present as organically associated K such as oxalates 
and oxygen-containing functional groups. When the plants are harvested and dried, part of the K 
ions may be converted to KOH, KCl and K2CO3, and the remaining may still be dissolved in water, 
depending on the extent of the drying process [136]. The K species mentioned above are mostly 
leachable by water and ammonium acetate. However, the K in coals may be mainly present as 
minerals, such as illite and muscovite [131,136-138], which are difficult to leach by water and 
ammonium acetate. However, for some low rank coals, such as lignite, a considerable fraction of K 
may exist as water and ammonium acetate soluble [135]. Compared to K, the fraction of 
water/ammonium acetate soluble Na in coals is larger (20–100%) and shows greater variations. This 
is presumable because a certain fraction of Na in coals is present as water soluble salts such as NaCl 
or organically associated [131,139]. For biomass/waste, the percentage of Na that is leachable by 
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water and ammonium acetate varies significantly for different biomass/waste, and no general 
tendency is observable.  

Figure 12 shows the percentage of Cl and Si that are present as water and ammonium acetate 
soluble in different solid fuels. It is seen that the Cl is almost fully soluble in water and ammonium 
acetate in different solid fuels. This may be explained by the association of Cl in these fuels. In 
coals, the Cl may exist as chloride anions in moisture, inorganic chlorides (such as NaCl and KCl), 
or organic chlorine compounds (such as covalently bonded Cl or Cl combined to organic complexes) 
[140]. For biomass, the majority of Cl may be associated with the nutrient cycle and the living 
portion of the biomass materials [140], in forms of free anions or loosely bound to exchange sites 
[141]. These Cl species are generally leachable by water and acetate solution. However, for some 
plastics materials, such as PVC, the Cl may not be soluble in water and acetate solution, but still can 
be released to gas phase during combustion [131]. This may explain the large fraction of insoluble 
(by water and acetate) Cl found in RDF in Figure 12. Besides, in some coals, the Cl may be 
associated with minerals such as sodalite (Na8(AlSIO4)6Cl2) [140], which may be a possible 
explanation for the insoluble Cl part. It has to be mentioned that there are some limitations in 
determining the partitioning of Cl through the chemical fractionation analysis [131,132]. For some 
low-Cl fuels, such as coal and wood, the concentration of Cl in the water or acetate solution may be 
below the detection limit of the analysis method, and the analysis uncertainties may be considerably 
high [129]. Besides, since it is not possible to determine the fuel-Cl that is leached by the HCl 
solution and the Cl content in the residue is often greatly influenced by the HCl leaching process, 
the reliability of the chemical fractionation method on Cl partitioning may not be evaluated through 
mass balance calculations. These limitations need to be considered when evaluating/utilizing the 
results from chemical fractionation analysis. 

 

Figure 12 Percentage of Cl and Si (%) that appears as H2O and NH4Ac (ammonium acetate) soluble 
in different solid fuels. The data are derived from open literature [130-135]. 

In contrast to Cl, the Si in different solid fuels is mostly (>90%) not soluble by water and 
ammonium acetate, as shown in Figure 12. For coals, the Si may predominantly exist as minerals 
such as quartz, kaolinite and illite [137]. In biomass, the Si may be present as polymerized silicic 
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acid, which is an amorphous mineral of silica with varying amount of crystal water (SiO2·nH2O) 
[129,141]. In addition, a certain fraction of Si in biomass may be from the soil contaminations 
during the collection process, which may exist as quartz and clay materials [142].  

 

Figure 13 Percentage of Ca and S (%) that appears as H2O and NH4Ac (ammonium acetate) soluble 
in different solid fuels. The data are derived from open literature [130-135]. 

Figure 13 shows the percentage of S and Ca that is present as water and ammonium acetate soluble 
in different solid fuels. It appears that coals generally contain less water and acetate soluble S than 
that of grasses and straws, indicating that the association of S may be different in these fuels. In 
coals, the S may be mainly present as minerals (mainly as pyrite but also as other sulfides and 
sulphates) or organically associated with aliphatic, aromatic, and heterocyclic structures. The 
sulphide minerals, which are usually the dominant inorganic S components in coals, are largely 
insoluble in water or ammonium acetate solutions. In addition, the organically associated S in coals 
is also found to have a low solubility in water or other organic solutions [143]. This may explain the 
relatively small fraction of the water and ammonium acetate soluble S found in coals. On the other 
hand, the S in biomass may be mainly present as inorganic sulphates or organically associated S 
with aliphatic nature such as in proteins, sulphate ester and sulphur lipids [141,142]. The sulphates 
may be easily leachable by the water and ammonium acetate solution, whereas the organically 
associated S may be difficult to be dissolved in these solutions [129]. For annual crops such as 
straw and grass, a large fraction (>50%) of S in these biomass may be present as sulphates, as 
indicated by the S release characteristics during the pyrolysis of these biomass [144]. However, for 
woody biomass, the majority of S may be organically associated, thus the water and ammonium 
acetate soluble fraction is usually only around 25% [129]. Compared to S, the percentage of Ca that 
is present as water and ammonium acetate soluble varies significantly for different fuels, and no 
tendency can be seen for different fuel groups. In biomass, the Ca that is leachable by water and 
ammonium acetate may be mainly ionic Ca (acting as counter ions for organic and inorganic anions 
such as malate and nitrate), Ca oxalate and other calcium salts of carboxylic acids [131,141]. In 
coals, the majority of Ca that is water and ammonium acetate leachable may be present as 
carboxylic groups and carbonate [131].  
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3.3 General ash formation mechanism 

The ash formation mechanism in pulverized fuel combustion has been well-established 
[121,139,145-151]. As shown in Figure 14, the ash particles generated during pulverized fuel 
combustion primarily originate from excluded minerals, included minerals and organically 
associated ash forming species in the fuel particles. When the fuel particles are combusted, a 
fraction of the included minerals and organically associated ash forming elements may be released 
to gas phase, either through a direct release mechanism or a mechanism involving reducing 
reactions. After that, the vaporized inorganic elements may nucleate to ultrafine particles, condense 
on the surface of the existing particles, or chemically react with other particles. The partitioning of 
the vaporized inorganic elements may be dependent on the fuel properties and the combustion 
conditions such as cooling rate and particle density in the flue gas [121]. The ultrafine particles 
generated from the nucleation of inorganic vapors may aggregate/coalesce with themselves to form 
larger particles, which are usually an important source of submicron ash particles formed during 
pulverized fuel combustion. On the other hand, the ultrafine particles may also attach to the surface 
of the existing large fly ash particles, which may therefore partition to the supermicron ash particles.  

Figure 14 Ash formation pathways during solid fuel combustion, adapted from [121] .  

In addition to the fraction that is vaporized, the remaining minerals and organically associated ash 
forming elements in the fuel particles may undergo fragmentation, melting and coalescence during 
the fuel conversion process. The majority of these ash forming elements may result in the formation 
of supermicron ash particles, while a small fraction may contribute to the formation of submicron 



22	
	

ash particles, probably via the fragmentation mechanism. The excluded minerals may also 
experience melting and a small extent of fragmentation/coalescence (depending on the mineral 
type), and may be converted mainly to supermicron ash particles during the combustion process. 

Figure 14 shows that ash formation during solid fuel combustion is a complicated physical and 
chemical process, and may be affected by a number of factors. In the following sections, the release 
and transform of ash forming species during solid fuel combustion will be described in detail, with 
a special focus on the possible interactions during different fuels.  

3.4 Release of ash forming elements 

As mentioned earlier, the release of ash forming elements during pulverized fuel combustion may 
follow a direct release mechanism or a mechanism involving reducing reactions. The direct release 
mechanism may involve the release of organically associated elements during devolatilization or 
char oxidation, and the direct vaporization of some volatile inorganic species, such as NaCl and 
KCl. The reducing mechanism is usually applied for the species having low vapor pressure during 
combustion, such as SiO2 and CaO. With the reducing environment generated by devolatilization or 
char oxidation, these oxides may be reduced to more volatile sub oxides or elemental vapor, which 
would facilitate the vaporization of these elements [149,150,152,153].  

The vaporization of ash forming elements during pulverized coal combustion has been studied 
extensively through experiments and modeling [152,154-161]. These studies generally suggest that 
the vaporization of refractory oxides (such as SiO2, Al2O3, CaO and MgO) during pulverized coal 
combustion is mainly achieved through the reducing mechanism described by the following global 
reaction: 

1 2( ) ( )n nMO c CO MO v CO                                                                                                     (1.4) 

where MOn and MOn-1 refer to the refractory oxide and the corresponding volatile suboxide or 
metal vapor, respectively. In the modeling approach of Quann and Sarofim [152], it is assumed that 
the equation above is in equilibrium on the surface of mineral inclusions in the char particle and the 
CO2 is only produced from the reaction above (i.e. the vapor pressure of MOn-1 and CO2 is the 
same). With these assumptions, the vapor pressure of MOn-1 on the surface of the mineral inclusions 
can be predicted from the partial pressure of CO and the equilibrium constant of the reaction. By 
taking into account the internal and external diffusion of the vaporized MOn-1 in the char particle as 
well as the interactions between different mineral inclusions, the vaporization of MOn during 
pulverized coal combustion has been reasonably well modeled [152]. However, as pointed out later 
by some following work [156,157,160], there are some limitations in the model developed by 
Quann and Sarofim [152]. In their model, the vapor pressure of CO2 on the mineral inclusion 
surface may be underestimated, which may result in an over estimation of the vapor pressure of 
MOn-1 [156,157]. Besides, the model also neglects the enlargement of the pores and the 
corresponding increase in effective diffusivity near the surface of burning char particle, which may 
overestimate the diffusion resistance to vaporization [160].  

In addition to the reducing mechanism mentioned above, direct release mechanism may also play a 
role, particularly for low rank coals, such as lignites, which contain substantial amount of alkali and 
earth alkali metals. A typical example is the release of Na during the combustion of low rank coals 
[139,153,162,163]. The Na in low-rank coals may be primarily associated with organic matter or 
exist as halide (NaCl) [139,153]. During combustion this organically associated Na and halide may 
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be vaporized to gas phase as metal, oxide or chloride, due to the high vapor pressure of these 
species [153]. For lignite, above 40% of the Na in the fuel was found to be vaporized at a furnace 
temperature of 1477 oC and at 20% O2 condition [153]. A significant percentage (~18%) of the Mg 
was also found to be vaporized at the same experimental condition, consistent with the large amount 
of organically associated Mg in the low rank coal [152]. However, the vaporization of organically 
associated Mg may still follow a reducing mechanism, but with significantly reduced diffusion 
resistances compared to mineral inclusions [152].   

The vaporization of ash forming elements during pulverized coal combustion may be influenced by 
various factors. In general, with higher combustion temperature, the vaporization of ash forming 
elements through the reducing mechanism can be promoted [152,160], whereas the vaporization of 
alkali metals (such as Na) may be reduced by an increased reaction rate between the vaporized 
alkali metals and silicates/aluminosilicates in the coal [153,163]. The particle size of coal may 
affect the vaporization of refractory oxides as well. With decreasing particle size, the vaporization 
of refractory oxides through the reducing mechanism may be promoted, presumably related to 
distribution of mineral inclusions in the particle [152]. The gas environment may also play an 
important role on the vaporization of ash forming elements. According to the model developed in 
[152], it is obvious that a more reducing environment is favorable for the vaporization of refractory 
oxides, when the combustion temperature is fixed. The association of ash forming elements also 
greatly influences their vaporization behavior. The organically associated elements are usually 
easier vaporized compared to mineral associations [152,153]. On the other hand, the distribution 
between excluded and included minerals may also have some impact. A positive correlation may be 
found between the vaporization of refractory oxides and their association as included minerals 
[152,164]. This is likely because included minerals may experience higher combustion temperature 
and more reducing conditions that of excluded minerals.  

It should be noted that in the majority of the studies mentioned ealier, the vaporization of ash 
forming elements is quantified by sampling fine particles after combustion [152,154-161]. 
Therefore, the obtained vaporization results are naturally interfered by the secondary reactions 
between the vaporized species and other ash forming species. Such influence is particularly 
pronounced for the vaporized alkali species [153,163]. These possible secondary reactions will be 
discussed in detail in the following section.  

Compared to pulverized coal combustion, the vaporization of ash forming elements during 
pulverized biomass/waste combustion has been less investigated and literature on this subject is 
scarce. Recently, Shah et al. has attempted to quantify the release of inorganic elements during 
pulverized biomass combustion, by performing experiments in a lab-scale combustion simulator 
with high initial heating rate (105 oC/S) and temperature (1450–1600 oC) [165,166]. The release of 
inorganic elements is quantified by assuming the elements present in vapor phase and in the 
submicron aerosols are vaporized during the combustion. The results obtained after complete 
combustion (with a residence time of about 1300 ms) are shown in Figure 15. It can be seen that the 
release of S and Cl is fairly complete (>80%) during the combustion of pulverized biomass or coal, 
and no significant deviation is observed for different biomass or coal. However, the release 
behavior of alkali metals is considerably different for coals and biomass. For K, it appears that 
above 90% of the K in woody biomass has been released to gas phase, which is only slightly higher 
than that of straw (~80%) but significantly greater than that of coals (<20%). Such difference may 
be primarily related to the different associations of K in biomass and coal, as illustrated in Figure 11. 
In addition, the secondary reactions between the vaporized K and the mineral matters in the fuels 
may also influence the K release obtained in the experiments. Compared to the K release, the 
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deviations between the Na release in biomass and coal seem to be less significant, which may be 
explained by the variety of the Na association in coals, as shown in Figure 11. Compared to alkali 
metals, the release of Mg and Ca is generally less pronounced during pulverized biomass/coal 
combustion. However, for woody biomass, a considerable fraction of the Mg and Ca (20-50%) may 
still be released to gas phase during combustion. For Al and Si, the release is generally found to be 
negligible for different fuels [165,166].   

 

 

Figure 15 Release of ash forming elements under pulverized fuel combustion condition. The data 
are derived from [165,166], with a residence time of about 1300 ms (almost complete combustion). 
The woody biomass refers to bark, wood chips and waste wood, and the coals are a UK and a Polish 
coal.  

The release of ash forming elements during biomass/waste combustion has been better 
characterized at grate-firing conditions [128,141,142,144,167-173]. Although the results may not be 
directly transferred to pulverized fuel combustion conditions, these studies can provide valuable 
insights to the release mechanisms of these elements, and the guidelines for the important 
parameters that may influence the release.  

Figure 16 shows the release of Cl at a function of temperature during the combustion of different 
biomass groups such as straw and woody biomass as well as some waste materials such as fiber 
board and PVC [142,168,172]. The results presented are obtained from the same laboratory-scale 
reactor and the experimental conditions are similar for different fuels. Thus the deviations shown in 
the figure mainly result from the different fuel characteristics. From the figure, it is seen that 
approximately 20-60% of the Cl is released from straw at a combustion temperature of 500 oC, and 
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the remaining Cl is mostly released in a temperature range of 500–800 oC. For woody biomass, the 
release of Cl (>80%) seems to be greater than that of straw at 500 oC. However, the quantification 
of Cl release during wood combustion is usually rather difficult to perform due to the low Cl 
content in most of woody biomass, thereby only very limited woody biomass data are shown in 
Figure 16. Different from the woody biomass and straw, the Cl in the fiber board/PVC is almost 
completely released at a combustion temperature of 500 oC.  

 

Figure 16 Release of Cl at different temperatures under grate-firing conditions [142,168,172]. 

The release of Cl at combustion temperature below 500 oC is primarily due to the vaporization of 
HCl (g) [141,142,167,168,172]. Since the majority of Cl in straw or woody biomass is leachable by 
water [131,174], it is suggested that the Cl in straw or woody biomass may predominantly exist as 
KCl. Thus a major mechanism for the release of Cl at temperatures below 500 oC is considered to 
be the reaction between KCl and the carboxylic groups of the fuel, which could result in the 
formation of HCl (g) and char-K [141,142,167,168,172]. The presence of such a reaction is 
supported by the considerable Cl release observed at 400 oC, when pure KCl is mixed with wood or 
cellulose [175]. However, the extent of the reaction may be confined by the available proton-
donating sites in the char/fuel. In general, a negative correlation is found between the Cl release at 
500 oC and the Cl content in straw [142]. This indicates that for a fuel with high Cl content 
compared to the number of proton-donating sites, the conversion of KCl to HCl (g) may be 
relatively low. This may be an explanation to the observed deviations of the Cl release at 500 oC in 
Figure 16, especially the general difference between the low-Cl woody biomass and the high-Cl 
straw. On the other hand, a small fraction of Cl in biomass may be combined to the organic 
structures. The Cl may be released directly during the devolatilization, either in tar or decomposed 
to HCl (g) [142,173]. A typical example of the release of the organically associated Cl is the 
combustion of PVC. As shown in Figure 16, almost all of the Cl in PVC is released to gas phase at 
500 oC, which is because the organically bound Cl has been decomposed to HCl (g) during 
devolatilization in a temperature range of ~200–370oC [29-32]. 
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The second stage of Cl release during biomass combustion, which mainly happens in the 
temperature range of 500–800 oC, is mostly a result of KCl or NaCl vaporization 
[141,142,167,168,172]. The vaporization of KCl and NaCl during biomass combustion has been 
detected directly by a molecular beam mass spectrometer system [174]. It should be noted that at 
lower temperatures, such as 650 oC, the vaporization of KCl may be limited by the diffusion 
resistances, particularly in the reactor used in [142,168,172]. However, at higher temperatures, such 
as 800 oC, the diffusion resistances would become negligible, due to the high vapor pressure of KCl 
[167].  

 

Figure 17 Release of S at different temperatures under grate-firing conditions [142,168,172]. 

Figure 17 shows the release of S during the combustion of biomass and waste materials at different 
temperature [142,168,172]. For straw, it appears that approximately 20–60% of the S is released at 
500 oC. With increasing temperature, the release of S increases progressively and for most of straw 
the S is almost completely released at a combustion temperature of 1150 oC. Compared to straw, the 
release of S during woody biomass combustion is generally greater in the temperature range of 
500–1000 oC. At 500 oC, the S release for woody biomass is mostly in the range 60–80%, and the 
release is not significantly increased up to 850 oC. In the temperature range of 850–1150 oC, a 
considerable increase of the S release is observed for woody biomass, and an almost complete 
release is achieved at 1150 oC. Different from biomass, the S release during PVC combustion seems 
to be completed already at 500 oC. For fiber board, the characteristics of the S release are quite 
similar to that of straw.   

The release of S during biomass combustion at temperatures below 500 oC is mainly attributed to 
the release of organically associated S during the devolatilization process [141,142,167,168]. This is 
supported by the fact that the S release obtained during straw pyrolysis and combustion is similar at 
500 oC [142]. In addition, the S release obtained during woody biomass combustion at 500 oC 
seems to be correlated well with the organic S fraction derived from the chemical fractionation 
analysis [168]. Thus the deviations of the released S at 500 oC for different woody biomass and 
straw may be explained by the different S associations in these fuels.  
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Figure 18 Release of K at different temperatures under grate-firing conditions [142,168,172]. 

The release of S at higher temperatures may follow more complicated mechanisms. For straw with 
relatively high Si content, the reaction between K2SO4 and silicates may contribute to the S release 
at temperatures above 700–800 oC, through the formation of K-silicates and SO2 (g). The 
contribution of this reaction to the S release may be greatly affected by the molar ratio of K/Si in 
the fuel [142]. Besides, the Cl in the fuel may also indirectly affect the S release at temperatures 
above 500 oC. With a greater Cl/K molar ratio in the fuel, the S release in the temperature range of 
700–950 oC is found to be increased, presumably due to the fact that part of the alkali sulphate is 
converted to alkali chloride and SO2 [142]. On the other hand, the direct vaporization or 
decomposition of sulphate (such as K2SO4 or CaSO4) may also constitute an important S release 
mechanism at high temperatures, particularly for fuels with relatively low Si and Cl content (such as 
woody biomass) [142,168]. However, in most cases, the contribution of this mechanism to S release 
is insignificant at temperatures below 1000 oC, due to the low vapor pressure and high thermal 
stability of the sulphates. At higher temperatures, this mechanism becomes increasingly important, 
and contributes greatly to the almost complete S release at about 1150 oC. 

The release of K during the combustion of biomass and waste materials at different temperature is 
shown in Figure 18. It is seen that for the majority of the woody biomass and straw, the release of K 
is insignificant at temperatures below 600 oC. Most of the K in woody biomass and straw is 
released in the temperature interval of 700–1150oC. At 1150 oC, the release of K from woody 
biomass and straw is found to be in a range of 60–90%. In general, large deviations are observed for 
different biomass with respect to the K release and no general tendency is seen between straw and 
woody biomass. Compared to biomass, the K release in PVC seems to be greater and occurring at 
lower temperatures. For the fiber board, a general low K release is seen up to 1150 oC, which may 
be related to the high Ti content in the fuel [168].  

Several different mechanisms may contribute to the K release during woody biomass and straw 
combustion. At temperatures below 500 oC, although the release of K is generally insignificant and 
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may be greatly affected by the experimental uncertainties, a small fraction of K (0–10%) may still 
be released due to the decomposition of organically associated K [142,168]. In the temperature 
range of 500–800 oC, the release of K for Cl rich biomass is mainly via the vaporization of KCl, 
which is supported by the fact that the molar ratio of the released K/Cl is about 1 [142]. The release 
of K through KCl vaporization may be promoted by increasing the molar ratio of Cl/K in the fuel 
[142]. On the other hand, for biomass with relatively low Cl content such as wood, the contribution 
of KCl vaporization to K release is rather limited. Thus the major K release mechanism for these 
biomass during 500–800 oC is considered to be the decomposition of the K associated with the char 
matrix or the decomposition of K2CO3 [167,168]. At temperatures above 800 oC, irrespective of the 
original Cl content in the fuel, a major K release mechanism is considered to the vaporization of K 
or KOH originated from the decomposition of K2CO3 or the char associated K. In a dry 
environment, the decomposition of K2CO3 may produce elemental K, which may be vaporized and 
subsequently react with other gaseous species. With the presence of water vapor, the K2CO3 may be 
decomposed to KOH (g), which may considerably promote the release of K [167,169]. However, 
the K release during biomass combustion may be adversely affected by the reaction between the 
vaporized K and the silicates in the ash. The extent of such reaction is closely related to the 
availability of reactive silicates in the fuel and the contacting and reaction rate between the silicates 
and vaporized K. At higher combustion temperatures, the vaporization rate of K may greatly exceed 
the reaction rate of K and silicates, which could be an explanation to the increasing K release 
observed in the temperature range of 900–1150 oC. On the other hand, the presence of other 
inorganic elements, such as Ca and Mg, may compete with K for reacting with silicates, thus may 
promote the release of K to some extent [167-169].  

In addition to S, Cl and K, the release of Na is also found to be significant during biomass/waste 
combustion at grate-firing conditions [168,171,172]. However, the Na content in most biomass is 
considerably lower than that of K. Thus a detailed quantification of Na release is difficult to achieve 
via experiments. Besides, the mechanisms for Na release during biomass combustion are in most 
cases analogous to that of K. Therefore, a detailed discussion on the Na release is not performed 
here, but can be found elsewhere [168,172]. Besides the elements mentioned above, the release of 
other elements such as Si, Al, Ca and Mg during biomass/waste combustion are generally found to 
be negligible [142,168,172]. An additional element which may exhibit high volatility during 
biomass/waste combustion is phosphorus. However, detailed investigations on the release 
characteristics of phosphorus are scarce in literature.  

3.5 Interactions in ash chemistry 

During pulverized fuel combustion, complicated interactions may occur among the ash forming 
elements, which cannot only alter the chemical form of these elements in the flue gas but also 
greatly affect the partitioning of these elements into fly ash of different particle size. These 
interactions are mostly achieved through gas-gas reactions of the vaporized ash forming elements, 
or the gas-solid reactions between the solid ash particles and the vaporized ash forming elements. 
The major vaporized ash forming elements during pulverized coal combustion can be categorized as 
S, Cl, refractory metals (such as Si, Al, Fe, Ca and Mg), and alkali metals (such as K and Na). Since 
the refractory metals are mostly vaporized through a reducing mechanism, these metals are usually 
quickly re-oxidized at the vicinity of a burning char particle and nucleate to small solid/liquid ash 
particles [155]. Thus the major vaporized ash forming elements, which may have relatively long 
residence time during pulverized coal combustion, are S, Cl and alkali metals. Since these elements 
are also the major ash forming elements released from biomass or waste combustion and are the 
most critical elements for ash deposition and corrosion in pulverized fuel combustion, the possible 
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reactions of vaporized alkali metals, S and Cl are mainly emphasized in this section.  

3.5.1 Reactions between vaporized alkali metals and kaolinite 

The vaporized alkali metals during pulverized coal combustion usually exist as alkali hydroxides or 
alkali chlorides. These alkali species may react with the coal minerals at high combustion 
temperature, resulting in the formation of alkali aluminosilicates/silicates as well as gaseous 
HCl/H2O. A typical example is the reaction between vaporized Na species and kaolinite, which has 
been the subject of extensive research [146,163,176-184]. At combustion temperatures and particle 
residence times similar to pulverized coal combustion, the kaolinite (Al2O3·2SiO2·2H2O) particles 
can be readily converted to metakaolinite (Al2O3·2SiO2), however further conversion to mullite 
(3Al2O3·2SiO2) may be greatly confined by the residence time. The formed metakaolinite can react 
with the vaporized sodium species (such as NaOH or NaCl), and generate sodium aluminosilicates 
such as nephelite and carnegieite (both with a chemical form of Na2O·Al2O3·2SiO2). The 
transformation from kaolinite to metakaolinite and then to sodium aluminosilicates may cause some 
free silica to be released. Thus some sodium silicates may be formed initially along with the sodium 
aluminosilicates. As the reaction proceeds, the basic metakaolinite crystal structure may break down 
into silicates and aluminates, allowing accommodating more vaporized sodium species than the 
predicted product (Na2O·Al2O3·2SiO2). It should be noted that the initial generated sodium 
aluminosilicates can form an eutectic with the remaining metakaolinite, and cause melting. This 
melt can enhance the reaction rate between the kaolinite and vaporized sodium by breaking apart 
and opening up the tightly parked metakaolinite crystal structure, and by inducing a surface renewal 
to allow access to the unutilized metakaolinite buried under the unexposed platelet layers [180]. On 
the other hand, as the reaction progresses, the entire kaolinite particle may transform to a 
catastrophic melt, which can deactivate the reaction by closing the pores [176].  

The reactions between the kaolinite and vaporized sodium are influenced by different factors such 
as temperature, particle size, molar ratio between the sodium and kaolinite, residence time, and gas 
environment [163,179,180]. The optimum temperature window for the reaction between the 
vaporized sodium and kaolinite has been proposed to be 900–1100 oC [179], since a higher 
temperature may result in a significant melt-induced deactivation, particularly when the molar ratio 
of the vaporized sodium and kaolinite is high [180,185]. The particle size of kaolinite may also 
impact the reaction rate. Under the same experimental conditions, the conversion of submicron 
kaolinite particles is found to be at least 6 times greater than the particles around 9 µm [179]. The 
results suggest that the reaction between vaporized sodium and kaolinite particles in the range of 3–
9 µm are controlled by pore diffusion, whereas the smaller particles (0.65–3µm) are in a transition 
of pore diffusion and reaction control [179]. A lower molar ratio between the vaporized sodium and 
kaolinite is usually preferable in order to completely capture the sodium, but the effect becomes less 
significant when the molar ratio is already below 0.5 [180].  The presence of gaseous Cl and S may 
inhibit the reaction between the vaporized Na and kaolinite [163,179].With the presence of gaseous 
Cl, part of the vaporized Na may be converted to NaCl [162], which may react much slower with 
kaolinite than that of NaOH [163]. On the other hand, the presence of gaseous S may result in the 
formation of sodium sulphate, which may condense at higher temperature and reduce the residence 
time for the gas–solid reaction [179].   

Several mathematical models have been proposed to simulate the reaction between kaolinite and 
vaporized sodium [163,177,179,180,182]. Punjak et al. have developed a model which describes the 
simultaneous diffusion and reaction of sodium vapor in a porous kaolinite particle [182,183]. The 
model fits well with the experimental data obtained at 800 oC, but it did not take into account the 
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possible deactivation at higher temperatures [182,183]. Recently, Gale and Wendt have proposed a 
model which utilizes two global reactions to describe the reaction between kaolinite and sodium 
vapor as well as the deactivation at high temperature [180]. The simulation results are in good 
agreement with the experimental results, and the feature of the high temperature deactivation has 
been well-characterized by using the two-step approach [180].  

The reactions between the vaporized K species and kaolinite are generally analogous to that of 
kaolinite and vaporized Na species [107,184,186,187]. A direct comparison indicated that the 
adsorption rate of kaolinite on NaCl and KCl was similar at 850 oC [184]. The experiments carried 
out by Tran et al. show that kaolinite can capture vaporized potassium (such as KCl and KOH) both 
by chemical reaction and physical adsorption at 850 oC [186]. In the temperature range of 750–950 
oC, the capture efficiency of kaolinite on KCl is found to decrease with increasing temperature, 
which is explained as an increased desorption rate of KCl at higher temperatures, since the kaolinite 
sintering is insignificant at the experimental temperature range. The influence of different K species 
on the capture efficiency is also investigated, showing that the K capture efficiency is similar for 
KCl and KOH but significantly lower for K2SO4 [186].  

Zheng et al. have studied the reactions between kaolinite and vaporized potassium at a temperature 
range of 900–1500 oC [107]. They reveal that in the temperature range of 900–1300 oC, the amount 
of potassium captured by kaolinite decreases with increasing temperature, which is explained as a 
higher degree of sintering in the kaolinite pellet with increasing temperature. However, at 
temperatures above 1300 oC, the amount of potassium captured by kaolinite starts to increase with 
increasing temperature. This is presumably because of the appearance of a molten phase in the 
kaolinite pellet at temperatures above 1300 oC, which could facility the transportation of KCl and 
increase the reaction rate. A mathematical model similar to that in [182,183] is developed to 
describe the diffusion and reaction between vaporized KCl and kaolinite pellet at 900 oC [107]. 
However, this model neglects the effect of sintering and melting, which limits its application at 
higher temperatures.   

3.5.2 Reactions between vaporized alkali metals and other minerals 

In addition to kaolinite, other minerals in coal may react with the vaporized alkali metals. Punjak et 
al. have compared the capture efficiency of kaolinite, emathlite and bauxite on the vaporized Na at 
800 oC, showing that all of these minerals could capture the vaporized Na through chemical 
reactions [182,183]. In comparison with kaolinite, bauxite shows a higher initial capture rate and a 
lower ultimate capture capability (mass basis). However, the capturing of vaporized Na by bauxite 
is partly attributed to physical adsorption, which is different from the other two minerals where 
chemical reaction is dominated. The initial capture rate of emathlite is similar to that of kaolinite, 
while the capture capability of emathlite is close to that of bauxite. XRD (X-ray diffraction) 
analysis suggests that the formation of nephelite, carnegieite and glassy silicates may be responsible 
for the sodium capture by bauxite, whereas the formation of abite (Na2O·Al2O3·6SiO2) may account 
for the sodium captured by emathlite [182,183].  

Silica (SiO2) is able to react with the vaporized sodium or potassium, although the reaction rate is 
usually much lower than that of kaolinite [107,163]. A direct comparison of the reaction rate of 
kaolinite and SiO2 under conditions similar to pulverized coal combustion indicates that the reaction 
rate of NaCl and kaolinite is 5–8 times higher than that of NaCl and silica [163]. A similar tendency 
is observed in fixed-bed experiments [107], showing that much less vaporized K is captured by 
silica compared to kaolinite and the capture efficiency of silica is almost not influenced by the 
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exposure temperature in the range of 900–1500 oC.  

There are other mineral matters that could react with the vaporized alkali species. Kyi et al. have 
tested the reactions between sodium species (NaCl, NaOH and Na2SO4) and minerals such as 
kaolinite, bentonite, diatomite, miclay, pumice and pyrophyliite at 1000 oC and 1200 oC, showing 
that these Si and Al containing minerals generally exhibit a high reactivity that is comparable to 
kaolinite [188]. Mullite (3Al2O3·2SiO2) is usually considered to be an inert material towards 
vaporized alkali species. However, experimental results in a fixed bed reactor indicated that 
reaction starts to take place between mullite and vaporized potassium at temperatures above 1300 
oC, possibly related to the formation of a molten phase inside the mullite pellet which reduces the 
transportation limitations [107]. Alumina (Al2O3) is found to be an effective sorbent to capture 
vaporized alkali species at moderate temperatures (e.g. <1000 oC). However, the alkali species 
captured by alumina is primarily achieved by physical adsorption, rather than chemical reactions 
[107,189]. Besides Si or Al based minerals, calcium phosphates, such as Ca(PO3)2, could also react 
with K species (such as K2CO3 and KCl) at 900–1000 oC through the formation of 
(K2O)k·(CaO)l·(P2O5)m structures, but such reactions may be greatly influenced by the temperature 
and the applied Ca/P molar ratio [169].  

Direct study on the reactions between the vaporized potassium and coal ash has been carried out 
[107], showing that a Columbia bituminous coal (COPRIB) ash exhibits a capture behavior that is 
similar to kaolinite, both with respect to the capture efficiency on the vaporized potassium and its 
dependence on the exposure temperature. The capture efficiency of the COPRIB ash decreases with 
increasing temperature in the range of 900–1200 oC, but it increases significantly when the 
temperature becomes 1300 oC. The similarity between the capture efficiency of COPRIB ash and 
kaolinite is considered to be related to their similar Al and Si content. On the other hand, the lignite 
ash exhibits a much lower capture efficiency than the COPRIB ash, which is possibly related to the 
relatively small Si and Al content in the lignite ash. In addition, the lignite ash contains relatively 
large content of Ca and Mg, which may compete with K to react with the alumina and silica [107]. 
The competition between Ca and K on reacting with silica is further demonstrated through fixed 
bed experiments, showing that less K is captured by silica with the dosage of Ca [169]. The 
influence of coal ash properties on reaction with alkali species has been further studied through co-
firing different coals with chlorine rich biomass [134], showing that the coal with a larger Al and Si 
content and a smaller K content reacts more easily with the gaseous alkali chlorides. CCSEM 
analysis of the fly ash from lignite combustion shows that the majority of the Na is combined to Al 
and Si (rather than Si alone), suggesting that the aluminosilicates are the preferred scavengers 
during coal combustion [178]. This conclusion is in agreement with experimental results obtained 
from different coal ashes [107,134], and the tendency indicated by global equilibrium calculations 
[96]. 

When the vaporized potassium and sodium are presented in the flue gas at the same time, they may 
interact with each other in reacting with minerals. The capture rates of an Al and Si based sorbent 
on vaporized KCl, NaCl and their mixture have been compared in fixed-bed experiments at 800 oC 
[190]. It is shown that the sorbent could capture KCl much faster than NaCl. For the mixture of 
NaCl and KCl, the observed capture rate is lower than the summation from pure components, 
indicating that the capturing of KCl by the sorbent may be inhibited by the presence of NaCl and 
the overall capture rate becomes similar to that of NaCl [190]. On the other hand, when a sorbent 
containing potassium (emathlite) is exposed to NaCl vapor at 800 oC, the potassium content in the 
sorbent is found to be decreased, indicating that a significant amount of potassium is released to the 
gas phase with the presence of NaCl vapor [183]. This tendency is supported by coal combustion 
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experiments under suspension-firing conditions [146], showing that the vaporization of potassium is 
not closely related to the association of potassium and the amount of silicates in the coal, but rather 
exhibiting a positive correlation with the vaporization of sodium. This indicates that that vaporized 
sodium may be able to displace some mineral bound potassium and facilitate its vaporization to gas 
phase [146].  

3.5.3 Reactions between alkali metals and gaseous sulphur 

During pulverized fuel combustion, significant interactions can occur between the vaporized alkali 
species and the gaseous sulphur such as SO2/SO3. The reactions between the vaporized alkalis (such 
as alkali chlorides) and the gaseous sulphur could potentially minimize the risk of ash deposition 
and corrosion in pulverized fuel-fired boiler, since alkali sulphates usually have much higher 
melting temperature and are less corrosive than alkali chlorides. The sulphation reactions of alkali 
species have been studied both through experiments and detailed kinetic modeling [191-199]. 
According to the detailed gas phase mechanism proposed by Hindiyarti et al. [194], the formation 
of K2SO4 at 1100 oC may follow the reaction pathways shown in Figure 19. It can be seen that the 
sulphation of KCl to K2SO4 may proceed with and without the presence of SO3/OH radical as an 
intermediate. At low temperatures (e.g.< 900 oC), the pathway involving the formation of KHSO3 is 
considered to be the major pathway, with the reaction from KHSO3 to KHSO4 being  the rate-
limiting step. However, at higher temperatures (e.g. > 1100 oC), the other pathways may also 
become important for K2SO4 formation, probably related to an increased generation of radicals at 
these temperatures. The mechanism proposed by Hindiyarti et al. [194] is found to be consistent 
with several experimental results [63,173,191], although further experiments in a rigorously 
homogeneous system are still needed for obtaining more insights into the mechanism [194].   

 

Figure 19 Pathway diagram for potassium transformation at 1100 oC (under the conditions of Iisa et 
al. [191]) [194].  

In addition to the homogeneous mechanism, the formation of alkali sulphates may also follow a 
heterogeneous mechanism involving the condensation of alkali containing species (such as alkali 
chlorides or hydroxides) on a surface and the subsequent sulphation in liquid or solid phase. 
According to the experimental and modeling studies carried out by Steinberg and Schofield 
[195,200-202], the formation of Na2SO4 (g) under fuel lean-flame conditions is considered to be 
kinetically limited through an analysis of the detailed reaction mechanism. Therefore they suggest 
that the heterogeneous sulphation mechanism is responsible for the formation of Na2SO4 at these 
conditions. This hypothesis is supported by the Na2SO4 formation rate obtained on a deposition 
probe, which is proportional to the total sodium content in the flame, but is independent of the fuel 
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type, equivalence ratio, flame temperature and sulphur concentration [195]. The heterogeneous 
sulphation of alkali chlorides has been studied directly through fixed-bed experiments in a 
temperature range of 400–850 oC [203,204]. It is revealed that the sulphation rate of the solid NaCl 
is very slow at temperatures below 600 oC, with only 0.5–1.1% of the NaCl being converted to 
Na2SO4 in 3 h. At these temperatures, the rate-limiting step is considered to be the adsorption of 
SO2 on the NaCl surface [203]. One the other hand, the sulphation rate of KCl or NaCl is increased 
considerably at temperatures above 650 oC, which is probably caused by a change in the reaction 
mode from a gas-solid to a gas-liquid and/or a gas phase reactions [204]. However, even at 850 oC, 
a quite large residence time (~hours) is needed in order to fully convert the alkali chlorides to 
sulphates [204]. 

The sulphation of KCl particles has been studied by Iisa et al. in a laminar entrained-flow reactor at 
900–1100 oC, with the residence times of 0.2–1.2 s [191]. The results reveal that up to 100% 
conversion can be achieved for the vaporized KCl in the reactor, whereas only about 0.5–2% 
conversion is obtained for the melted KCl. This suggests that at residence times similar to 
pulverized fuel combustion condition, the homogeneous sulphation rate would be significantly 
higher than that of heterogeneous sulphation [191]. The importance of the the homogeneous 
sulphation mechanism over heterogeneous mechanism at entrained flow conditions is further 
supported by studying aerosol formation through laboratory-scale experiments and modeling 
[205,206]. The significant increase of the aerosol number concentration observed by adding SO2 to 
NaCl and KCl vapor indicate that the alkali sulphates result from the homogeneous sulphation of 
the vaporized alkali chlorides, rather than the heterogeneous sulphation of the condensed alkali 
chlorides [205]. However, it should be noted that the conversion of the vaporized alkali chlorides to 
sulphates may be thermodynamically limited at high temperatures (e.g. >1000 oC) [191,206,207]. 
Thus a high conversion of vaporized alkali chlorides to sulphates may be only achievable at 
moderate temperature (e.g. ~900 oC) [191].   

The reactions between the alkali species and gaseous sulphur have been investigated in practical 
combustion systems, mostly through the injection of sulphur based additives (such as elementary 
sulphur, SO2, and ammonium sulphate) during the combustion of high alkali fuels such as straw 
[197,198,208-210]. These studies generally reveal that the addition of sulphur based additives can 
effectively reduce the concentration of alkali chlorides in the flue gas. However, among the 
different additives, ammonium sulphate seems to be more effective than other additives such as SO2 
and elemental S [199]. It is probably because that the decomposition of ammonium sulphate could 
generate SO3 which can react with alkali chlorides more efficiently than that of SO2 [191,192].[192] 

3.5.4 Ash interactions during co-combustion of coal and high alkali biomass/waste 

It has been shown earlier that the vaporized alkali species, minerals, and gaseous sulphur can lead to 
significant interactions during combustion. Therefore, when coal with relatively large mineral and 
sulphur content is co-combusted with biomass containing large alkali and chlorine content, 
significant interactions may take place between the alkali species released from the biomass and the 
minerals and sulphur in the coal. A typical example of such interactions is co-combustion of straw 
and coal, which has been studied extensive through laboratory-, pilot-, and full-scale experiments as 
well as modeling [60-62,79,96,100,211]. Figure 20 shows the influence of the silicate based-
minerals in coal on the partitioning of K in the fly ash [99]. The percentage of the water soluble K 
in the total K in fly ash provides an approximation of the percentage of K appearing as KCl and 
K2SO4 in the fly ash. It can been seen that when straw is co-fired with bituminous coals, the 
percentage of K present as water soluble form in the fly ash generally decreases with decreasing 
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K/Si molar ratio in the fuel mixture. This indicates that the formation of KCl and K2SO4 may be 
inhibited when straw is co-fired with a bituminous coal with large amount of silicate based-minerals, 
due to the formation of water insoluble K aluminosilicates. On the other hand, when straw is co-
fired with lignite, it appears that the influence of K/Si molar ratio in the fuel mixture is insignificant 
for the formation of water soluble K in the fly ash. This is probably because the relatively high Na 
and Ca content in the lignite could inhibit the reactions between the alkali species from the straw 
and the Si-based minerals in the lignite [99].  

 

Figure 20 The percentage of K present as water soluble form in fly ash (wt%) versus the K/Si molar 
ratio in the fuel mixture. The results are derived from laboratory- and full-scale co-combustion of 
straw and different coals [99].   

As shown in Figure 20, although the majority of the K in the fly ash is present in water insoluble 
form during co-combustion of straw and bituminous coal, a certain percentage of K (up to ~30 wt%) 
still exists in water soluble form. The water soluble K in the fly ash may primarily be present as 
KCl and K2SO4, and the distribution between these two species would be greatly influenced by the 
sulphation reactions of the vaporized alkali species and the gaseous sulphur. The effect of co-
combustion of coal and straw on the formation of K2SO4 is shown in Figure 21 [99]. It is seen that 
when straw is co-fired with coal, the molar ratio of S/Cl in the fuel mixture is in most cases above 5. 
This is considerably larger than that of pure straw, which normally has a S/Cl molar ratio below 1 
(see Figure 10). During co-combustion of coal and straw in full-scale pulverized coal-fired plants, it 
appears that approximately 80–100% of the water soluble K in the fly ash is present as K2SO4, and 
the influence of the S/Cl molar ratio seems to be insignificant on the formation of K2SO4 when it is 
above 5.  On the other hand, in the laboratory scale experiments, it seems that the percentage of 
water soluble K appearing as K2SO4 in the fly ash is increased with increasing S/Cl molar ration in 
the fuel mixture, and is considerably lower than that of full-scale data. This indicates that in 
laboratory experiments, the formation of K2SO4 may be kinetically limited, possibly due to the 
short residence time in the temperature range of 1300–500 oC (~0.1 s) [99]. According to the global 
equilibrium calculations performed by Wei et al. [96], the formation of K2SO4 during co-
combustion of hard coal and straw seems to be only thermodynamically feasible at temperatures 
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below 1000 oC. This indicates that the sulphation reaction in co-combustion may only happen at a 
certain temperature range, since the reaction would be thermodynamically restricted at high 
temperature and kinetically limited at low temperature. Thus a relatively long residence time at 
moderate temperature is preferable for the sulphation reaction. This is supported by the results 
obtained from fluidized bed combustion, where the residence time at around 800 oC is relatively 
long. Under these conditions, a significant reduction on the gaseous KCl concentration is seen when 
sulphur based additives are injected during biomass combustion, particularly during the addition of 
ammonium sulphates or other sulphates [197-199,212]. In contrast to the sulphation reaction, the 
reaction between alkali species and Si-based minerals is likely not thermodynamically limited at 
high temperature [96]. This may explain the similarity of the full-scale and laboratory-scale results 
with respect to the reaction between alkali species and Si-based additives [99].   

 

Figure 21 The percentage of water soluble K appearing as K2SO4 in the fly ash from full-scale and 
lab-scale co-combustion of coal and straw [99].   

3.6 Fine particle formation 

The formation of fine particles, here defined as particles with aerodynamic diameters less than 2.5 
µm [151], is a significant concern in pulverized fuel combustion. This is primarily because these 
particles can much more easily penetrate the electrostatic precipitator (ESP) of a pulverized coal-
fired power plant than larger particles, and dominates the particulate matter (PM) emission from the 
plant [121]. In addition, the fine particles are often rich in trace elements which are highly toxic to 
the environment [213-215]. Besides the influence on the PM emission, the formation of fine 
particles during pulverized fuel combustion may also significantly affect the performance of the 
SCR (selective catalytic reduction) catalyst [216,217]. Extensive studies have been carried out to 
study the formation of fine particles during pulverized coal combustion through laboratory- and 
pilot-scale experiments [138,145,151,155,164,218-224] as well as full-scale sampling 
[213,214,225-228]. These studies generally lead to a well established mechanism of fine particle 
formation during pulverized coal combustion, with several reviews available on this subject 
[121,149-151]. On the other hand, the formation of fine particles in pulverized biomass/waste 
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combustion is generally less studied, with only a few laboratory- or pilot- scale investigations 
available on this subject [109,208,209,229-231]. The fine particle formation during co-combustion 
of pulverized coal and biomass/waste has also been investigated in laboratory- and pilot-scale 
reactors as well as full-scale power plants [109,208,226,227,232]. In this section, the mechanism of 
fine particle formation during pulverized fuel combustion will be introduced, and the effect of co-
combustion on fine particle formation will be assessed based on literature.  

3.6.1 Fine particle formation in pulverized coal combustion 

The mass-based particle size distribution of the fly ash from pulverized coal combustion is 
conventionally considered to be bimodal, i.e. a fragmentation mode which is mainly responsible for 
the formation of supermicron particles and normally has a peak concentration at around 20 µm, and 
a vaporization mode primarily contributes to the formation of submicron particles and usually has a 
concentration peak around 0.1 µm [213,233,234]. Recently, it is proposed that the particle size 
distributions in the fly ash from pulverized coal combustion may be trimodal [151,222-224]. In 
addition to the two modes mentioned earlier, a fine fragmentation mode, which is normally between 
approximately 0.7 and 3.0 µm, is suggested to be present in pulverized coal combustion [151]. 

 

Figure 22 Typical mass-based particle size distributions of the fine particles from pulverized coal 
and biomass combustion as well as grate-firing of biomass. The pulverized coal data is derived from 
a pulverized coal-fired power plant [235]; the pulverized biomass data is obtained from an entrained 
flow reactor using Orujillo (a residue of olive oil production process) as fuel and combusted at 1300 
oC [236]; and the grate-firing biomass data is derived from a full-scale grate-firing plant using straw 
as fuel [237]. 

A typical particle size distribution of the fine particles formed from a pulverized coal-fired power 
plant is shown in Figure 22 [235]. Consistent with the results shown in [151], a small peak is seen at 
around 0.1 µm, and the mass-based particle concentration is significant at around 3 µm. As 
mentioned earlier, the ash particles around 0.1 µm is mainly generated from the inorganic elements 
in coal which are vaporized through a reducing mechanism [152]. According to the experimental 
and theoretical analyses conducted by Helble and Sarofim [155], the inorganic elements vaporized 
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in a suboxide or elemental form during char oxidation can be quickly re-oxidized in the boundary 
layer of the char particle. This will lead to a supersaturation followed by nucleation. With 
sufficiently high temperature and short coalescence time, these nucleated particles would grow 
through a Brownian collision and coalescence mechanism, which can either occur through solid 
state diffusion or viscous flow. The resulting primary particle size is found to increase with 
increasing gas and char particle temperature. Besides, the addition of sodium to a silicon system is 
also seen to greatly increase the primary particle size of the particles, by decreasing the viscosity of 
the nucleated particles and therefore permitting coalescence at lower temperatures. On the other 
hand, with low temperature at which the time needed for coalescence is comparable to the time 
between collisions, the colliding particles would generate aggregates, which may be preserved if the 
temperature reduction is sufficiently rapid [155]. According to the TEM analysis on the ultrafine 
particles from pulverized coal-fired power plant, the primary particle size (diameter) of these 
vaporization mode particles is mostly found to be in the range of 10-30 nm [225,238]. These 
primary particles are mostly present in a form of aggregates and result in a peak concentration 
around an aerodynamic diameter of 0.1 µm [213,225].  

In addition to the ultrafine particles generated from the vaporized inorganic elements, the remaining 
fine particles, which dominate the mass of the fine particles from pulverized coal combustion, are 
mainly generated from the fragmentation and coalescence of coal minerals [149,151]. For excluded 
minerals, the fragmentation is usually insignificant for silicate minerals, quartz, illite and muscovite. 
On the other hand, excluded pyrite or carbonate particles may experience a large extent of 
fragmentation at a high heating rate, due to the evolution of CO2 or gaseous sulphur [149]. However, 
according to the modeling and experimental analyses in a drop tube furnace [239], it appears that 
the fragmentation of excluded minerals may influence the particle size distribution above 20 µm. 
The results indicate that the formation of fine particles from fragmentation of excluded minerals 
may be quite limited [239], although this process may be largely affected by the particle size and 
the composition of the originally excluded minerals as well as the combustion conditions.  

Included minerals in coal particles may undergo a significant extent of fragmentation and 
coalescence during char oxidation, and result in the formation of fine particles [149,151,240]. 
Helble and Sarofim propose that the char fragmentation is the main mechanism responsible for the 
formation of ash particles in the range of 1–5 µm [240]. Therefore the porosity of a char particle 
may greatly influence the number of the ash particles produced from one char particle as well as the 
ash particle size distribution. This is supported by the observations that the macroporous synthetic 
char doped with sodium silicate yields about 75 ash particles per char particle, whereas the non-
macroporous char doped with sodium silicate only yield one ash particle per char particles. The 
results obtained by Helble and Sarofim [240] indicate that the shedding of liquid minerals from the 
surface of a rotating char particle would not occur during pulverized coal combustion. However, 
some other studies advocate that the shedding of ash from rotating char particle may be an 
important mechanism for the formation of fine particles from pulverized coal combustion [151,224]. 
In addition, the fragmentation of char cenospheres from combustion may also contribute to the 
formation of fine particles during pulverized coal combustion, as summarized in [149,151].  

3.6.2 Fine particle formation in pulverized biomass combustion 

The fine particle formation during pulverized biomass combustion is considerably different from 
that of pulverized coal combustion. An example of the fine particles formed from pulverized 
biomass combustion is shown in Figure 22, which is obtained from combustion of Orujillo (a 
biomass with ash rich in K, Cl, Ca and Si) in an entrained flow reactor [236]. The particle size 
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distribution is considered to be representative for a number of biomasses tested in the same reactor 
[209,231,236]. Compared to pulverized coal combustion, the fine particles from pulverized biomass 
combustion appear to have a significantly larger concentration peak at around 0.1–0.2 µm. 
Chemical composition analyses of these particles reveal that they are almost only composed of 
alkali, Cl, S and P, indicating that the observed concentration peak is a result of the vaporization of 
the inorganic elements during biomass combustion. Based on the molar ratios of the inorganic 
elements and the results from XRD (X-ray diffraction) analysis, the dominant species in these 
particles are found to be KCl and K2SO4 during the combustion of pulverized Orujillo [231]. The 
similarity of the compositions of submicron particles in different size implies that the submicron 
particles are primarily generated from the vaporized inorganic elements. On the other hand, the 
composition of the supermicron particles is found to be closer to the fuel ash composition, 
suggesting that to a large extent these ash particles may be formed from the coalescence of the 
minerals in biomass, which is supported by the spherical appearance of the supermicron particles 
[231].  

The formation of fine particles during pulverized biomass combustion seems to be analogous to that 
of biomass grate-firing, in terms of the mass-based particle concentration as well as the chemical 
composition. In Figure 22, the particle size distribution of the fine particles from grate-firing of 
straw [237] is compared with that of pulverized combustion of Orujillo [236]. It can be seen that the 
peak concentration of the fine particles is similar (~ 700 mg/Nm3) during grate-firing of straw and 
pulverized combustion of Orujillo. In addition, the composition of the submicron particles from 
grate-firing of straw is comprised of K, Cl, S and P [237], which is also quite similar to the 
submicron particles obtained during Orujillo combustion [236]. These similarities suggest that the 
fine particle formation mechanism in pulverized Orujillo combustion [231] may be analogue to that 
of grate-firing of straw, which has been characterized extensively through full-scale measurements 
[207,237,241], laboratory-scale experiments [205,242] and modeling [206,242]. According to these 
experimental and theoretical investigations [205-207,237,241,242], the formation of fine particles 
during grate-firing of straw is believed to be initiated by the homogeneous nucleation of K2SO4 
from the gas phase, followed by condensation of KCl and K2SO4 on the nucleated sulphate seeds. 
Therefore the number concentration of the fine particles is mainly dependent on the formation of 
gaseous alkali sulphate, whereas the concentration of alkali chloride may only change of the mass 
concentration of the aerosols. The contribution of the homogeneous nucleation of alkali chlorides is 
considered to be negligible for the formation of fine particles during grate-firing of straw, due to the 
presence of other seed particles [205-207,237,241,242]. The fine particle formation mechanism 
derived from grate-firing of straw seems to reasonably well explain the formation of fine particles 
during pulverized Orujillo combustion, in which only K2SO4 nucleates is obtained at a sampling 
temperature of 900 oC and the condensation of KCl is only found to be significant below 560 oC 
[231]. For other biomass with different fuel properties, homogeneous nucleation of K2SO4 followed 
by condensation of KCl/K2SO4 is still considered to be an important fine particle formation 
mechanism, although these processes may initiate at different temperatures for different biomass 
[231]. Besides homogeneous nucleation of K2SO4, homogeneous nucleation of K-phosphates may 
also take place at high temperature during the combustion of phosphorus rich biomass, and 
contribute to the formation of fine particles [230,231]. For biomass containing relatively large 
amount of Na, the formation and homogeneous nucleation of Na-species (such as Na2SO4), may 
also significantly contribute to the formation of fine particles, although detailed investigations are 
still lacking [231]. 
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3.6.3 Fine particle formation in co-combustion o f pulverized coal and biomass 

 

Figure 23. Mass-based particle size distributions of the fine particles from dedicated coal 
combustion, co-combustion of coal and 10% (thermal basis) straw, and co-combustion of coal  and 
20% straw. The data are derived from an impactor measurement in a full-scale pulverized coal-fired 
power plant at 100% load [235].  

When coal is co-fired with biomass, the formation of fine particles would be greatly influenced by 
the interactions between the coal and biomass. Therefore the obtained particle size distribution of 
the fine particles can be significantly different from that added from the pure fuels. A typical 
example of fine particle formation during co-combustion of coal and biomass is shown in Figure 23, 
where different thermal shares of straw (10% and 20%) are co-fired with coal in a pulverized coal-
fired power plant [235]. It can be seen that the mass-based particle size distribution from co-
combustion of coal and straw is quite similar to that of dedicated coal combustion. The significant 
submicron concentration peak appearing during dedicated biomass combustion (see Figure 22) is 
not observed in co-combustion of coal and straw (up to 20 th%). This indicates that the minerals in 
the coal (South American bituminous coal) can effectively react with the alkali species vaporized 
during straw combustion. As a result, the majority of the alkali species released from straw 
combustion would partition to coal mineral particles with relatively large particle size, thus 
inhibiting the homogenous nucleation of these vaporized alkali species. This is supported by fact 
that the composition of the submicron particles from co-firing of coal and different share of straw 
(up to 20 th%) is generally quite similar [235]. Nevertheless, during co-firing of coal and 20 th% 
straw, a considerable increase of the K and S content in the submicron particles, particularly in the 
ultrafine particles around 0.1 µm, has been observed for different coals and at different boiler loads 
[235]. This indicates that the formation of K2SO4 may have been promoted during co-firing of coal 
and 20 th% straw, which is probably linked to the alkali species released from straw and the 
relatively high sulphur content in the coal. The K2SO4 would prefer to partition to fine particles 
either through homogeneous nucleation or condensation on existing ash particles. However, 
according to the particle size distribution shown in Figure 23, the influence of the increased K2SO4 
formation is insignificant on the particle size distribution during co-combustion of coal and straw 
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(up to 20 th%) . It should be noted that the results shown in Figure 23 are closely associated to the 
properties of the fuels used in co-firing as well as the operation conditions [235]. With different 
fuels or operation conditions, the influence of co-firing on the formation of fine particles may 
become more significant, and possibly result in a larger concentration of fine particles 

3.7 Ash deposition 

3.7.1 Ash deposition mechanisms 

Ash formed during pulverized fuel combustion may deposit on the furnace or heat exchange 
surfaces of the boiler. The formed deposits are usually classified as slagging and fouling, where the 
slagging is defined as the formation of fused or sintered deposits on the heat-transfer surfaces and 
refractory in the furnace subjected to radiant heat exchange, and fouling describes the deposition of 
ash in the non-radiant convective heat-transfer portion of the steam generator immersed in the flue 
gas [243]. The major ash deposition mechanisms during coal and biomass combustion are inertial 
impaction, thermophoresis, condensation and chemical reaction [244].  

Inertial impaction describes the deposition of ash particles which have sufficient inertia to traverse 
the stream lines around a tube (e.g. a superheater tube in the boiler) and deposit on the tube surface. 
The deposit formation through this mechanism is mainly dependent on the impaction efficiency and 
the capture efficiency of the ash particles. The impaction efficiency, defined as the ratio of the 
number of particles that impact on the tube surface to the number that are directed at the tube in the 
free stream, is influenced by various factors such as ash particle size, density, and gas flow 
properties. One the other hand, the capture efficiency, which describes the propensity of the 
impacted particles to stay on the surface, is greatly affected by factors such as composition, 
morphology and viscosity of the particles and deposits. During pulverized fuel combustion, the 
formation of deposits through inertial impaction is usually most important for large particles (>5–10 
µm), and the formed deposits typically have an elliptic shape on the windward side of the tube 
[244,245].  

Thermophoresis describes the particle transport from the bulk gas to the heat transfer surface by 
local temperature gradients. This process results from the collisions of gas molecules having 
different kinetic energy on the surface of a particle, and is influenced by different factors such as 
particle diameter, gas properties, and temperature gradient. In general, thermophoretic deposition is 
most important for small ash particles (<3 µm), and the formed deposits are fine-grained and evenly 
distributed around the whole circumference of the tube [244-246]. 

Condensation is a process by which vapors are liquefied on the surfaces cooler than the surrounding 
gas. Thus it is closely related to the concentration of the vaporized inorganic species in the flue gas 
as well as the gas and surface temperatures. The deposits formed by condensation often consist of a 
uniform layer extending the entire circumference of the tube. Although the mass fraction of the 
deposits formed by condensation may not be significant, the condensed inorganic species may 
lower the porosity of a granular deposit and increase the contact area between the deposit and 
surface, thus greatly influencing the strength and thermal conductivity of the deposit. Besides, the 
condensed inorganic species may be molten at the surface temperature, which may enhance the 
capture efficiency of the impacted particles [244,245].  

Once deposits are formed through the mechanisms mentioned above, they may further react with 
the gaseous species in the flue gas. The presence of such chemical reactions can influence both the 
mass and the composition of the deposits. Typical examples are the sulphation of the condensed 
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alkali chlorides and the oxidation of the deposited carbon particles [244,245].  

The mechanisms mentioned above are recognized as the major mechanisms for the buildup of 
deposits during biomass and coal combustion. On the other hand, it should be noted that the 
deposits buildup may occur simultaneously with the deposits shedding. The deposit shedding 
mechanisms have been reviewed recently by Zbogar et al. [247], and will not be described in detail 
in this work.  

3.7.2 Influence of co-combustion on deposition rate/tendency 

The influence of co-combustion on ash deposition under pulverized fuel combustion conditions has 
been investigated extensively through full-scale measurements and laboratory-/pilot-scale 
experiments [62,93,99-101,246,248-259]. These studies mainly focus on co-combustion of coal 
with different biomass, but other secondary fuels, such as sewage sludge and refuse derived fuel 
(RDF), have also been investigated. The major research emphases are on the effect of the secondary 
fuels on the ash deposition rate/tendency as well as the chemical and physical characteristics of the 
deposits. Since the ash deposition rate/tendency can differ by several orders of magnitude for 
different secondary fuels [100,254], the main emphasis here is on the secondary fuels with high 
deposition tendency/rate, such as straw [99,100,254]. The secondary fuels with relatively low 
deposition rate/tendency, such as sawdust, are not focused, since co-firing coal with these secondary 
fuels would not significantly influence or even decrease the ash deposition rate/tendency [101,256].   

 

Figure 24. Particle collection efficiency on a probe during combustion of a bituminous coal, a wheat 
straw and their mixtures in a pilot-scale reactor simulating pulverized fuel combustion conditions 
[100].  

Figure 24 shows the particle collection efficiency (ash deposition rate/mass fraction of ash in the 
fuel) on a probe during co-combustion of coal and different mass share of straw in a pilot-scale 
reactor [100], which is a representative case for co-firing coal with biomass having a high fouling 
tendency. It is shown that the particle collection efficiency of pure straw combustion is remarkably 
higher than that of dedicated coal combustion. A primary reason is that straw combustion may 
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result in a large concentration of KCl in the flue gas. At the given experimental conditions (i.e. a 
flue gas temperature of 1000 oC and a probe surface temperature of 540 oC), part of the gaseous 
KCl may condense on the probe and result in partially melted deposits which would significantly 
increase the capture efficiency of the impacted fly ash particles. The particle collection efficiency 
during co-combustion of coal and straw is between those of pure fuels. With increasing straw share, 
an increasing tendency is seen for the particle collection efficiency. However, the collection 
efficiency obtained in the experiments is generally lower than that interpolated from the pure fuels, 
and the difference is not due to the experimental uncertainties. This implies that the interactions 
between the coal and straw have affected the ash deposition. As discussed earlier, the KCl released 
from straw combustion may react with the aluminosilicates in the coal, which would result in the 
formation of K-aluminosilicates with high melting temperature and gaseous HCl. On the other hand, 
the relatively high S content in the coal may promote the conversion of KCl to K2SO4. These 
reactions would generally deplete the concentration of KCl in the flue gas, thus reducing the 
stickiness of the fly ash and deposits, as compared to the combustion in isolation [100].  

Similar to the deposition tendency shown in Figure 24, non-linear ash deposition behavior has been 
observed in other co-combustion experiments [99,249-251,256,259]. According to a detailed 
investigation on co-firing peat and straw [249,250,259], the obtained ash deposition rate in co-firing 
is almost the same as that of pure peat combustion, when the mass share of straw is below 70 wt%,. 
However, when the mass share of straw is between 70 wt% and 100 wt%, a significant increase of 
the ash deposition rate is observed. This non-linear ash deposition behavior during co-firing of peat 
and straw is presumably caused by the reactions between gaseous alkali from straw and Si-Al 
compounds from peat, rather than the sulphate reactions of the alkali chlorides. In addition, the 
erosion effect of the peat ash may also play a role on the observed non-linear ash deposition 
behavior [249,250,259]. On the other hand, when peat is co-fired with bark, the obtained non-linear 
ash deposition behavior seems to be governed by the interactions between Cl and S, i.e. a larger 
extent of sulphation may reduce the melted fraction of the deposits at the experimental conditions 
thus decreasing the ash deposition [249,250,259].  

3.7.3 Influence of co-combustion on deposit properties 

In addition to the deposition rate/tendency, the influence of co-firing on the chemical and physical 
properties of the fouling deposits has also been evaluated through laboratory-scale experiments and 
full-scale measurements [62,99,100]. The full-scale investigations of co-firing coal with straw (10% 
and 20%, thermal basis) in a pulverized coal-fired power plant [62] reveal that the amount and 
tenacity of the fouling deposits collected at the probe position 1–3 (with flue gas temperature of 
~1250–900 oC and probe surface temperature of ~620–540 oC) are generally increased with 
increasing share of straw, although the effect of straw may vary for different coals. Chemical 
analyses of the deposits indicate an increased K and S content during co-combustion of coal and 20% 
straw, and the presence of Cl is negligible. Thus the increased tenacity of the deposits obtained 
during co-combustion is attributed to an effect of K2SO4 melting, which is believed to be a main 
species that consolidates the mature deposits [62].  

The influence of co-firing on fouling deposit composition has also been characterized under well-
controlled conditions during laboratory-scale experiments [99,100]. During co-combustion of coal 
and straw, it appears that the composition of the deposits obtained from co-combustion somehow 
deviates from that predicted from pure fuels [100]. In comparison with the deposit composition 
interpolated from the pure fuels, the S content is significantly enhanced and the Cl content is 
considerably decreased in the deposits collected from the co-combustion experiments, whereas the 
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content of Al, Fe, Ca and Si appears to be similar. The observed tendency of the S and Cl content in 
deposits is mainly attributed to the interactions between the alkali chlorides from straw and the 
sulphur from coal. When the ratio of the fuel-S to available alkali is in excess of 5 times the S-to-
alkali stoichiometric ratio, the Cl content in the fouling deposits is found to be negligible, indicating 
that part of the vaporized alkali chlorides from straw may have been converted to sulphates during 
co-combustion [100]. One the other hand, through comparing the composition of the deposits and 
the fly ash obtained in entrained flow co-combustion of coal and straw [99], it is evident that the Cl 
content in the deposits is smaller than that of fly ash, whereas the S content is much larger. This 
implies that sulphation of the condensed alkali chlorides on the deposition probe may also 
contribute to the small Cl content in the deposits. However, compared to the effect of Si and Al 
species, the reducing effect of SO2 on the gaseous KCl seems to be less significant in the 
experiments, even at a high ratio of the fuel-S to available alkali [99].   

Besides the effect on fouling, the influence of co-firing on the formation of slagging deposits has 
been investigated either by directly deposit sampling during combustion experiments [101,246,248] 
or indirectly by measuring the properties of the fly ash samples from co-combustion [253,257,258]. 
Heinzel et al. have evaluated the impact of co-firing coal and straw on slagging in a pilot-scale test 
facility by using deposition probes [248]. When coal is co-fired with 50% straw (thermal basis), a 
sintered layer is observed on the probe placed at a flue gas temperature of 1050 oC. This is quite 
different from dedicated coal combustion and co-firing of coal with 25% straw, where no slagging 
is detected. Through the analyses in a hot stage microscopy, the soften temperature of the ash from 
coal and straw blends (up to 50%) appears to be similar to that of coal ash, whereas the fluidization 
temperature is considerably lower in the blended ash, which may induce a higher slagging risk in 
co-firing [248].  

Similar conclusions have been made when the fly ashes from full-scale co-firing of coal and straw 
are analyzed by using a CCSEM (computer-controlled scanning electron microscopy), a STA 
(simultaneous thermal analysis) and the viscosity calculations based on the fly ash compositions 
[253]. In comparison with dedicated coal combustion, the initial melting temperature of the fly ash 
from 20% straw (thermal basis) co-combustion is about 150 oC lower, whereas the value in 10% 
straw co-combustion is similar. The difference in the melting temperature of the fly ash appears to 
be in good agreement with the observed ash deposition tendency in the full-scale plant. CCSEM 
analysis indicates that the formation of K-aluminosilicates is increased when coal is co-fired with 
straw. These K-aluminosilicates particles may have relatively low viscosity and thus more likely 
form deposits on the heat transfer surfaces compared to the unreacted aluminosilicates. The 
viscosity of the fly ash from different tests has been evaluated by using a viscosity model, showing 
that the viscosity of the fly ash from co-combustion is considerably lower than that of dedicated 
coal combustion, which may not only increase the tendency of slagging formation, but also lower 
the sintering temperature of the deposits [253]. The viscosity of the fly ash from co-combustion of 
coal and straw has been directly measured by using a high temperature viscometer [257,258], which 
supports that co- firing coal with straw may lower the ash viscosity and lead to a higher stickiness 
of the ash particles.  

Kupka et al. has studied the slagging formation during co-combustion of a bituminous coal and 
sewage sludge or refuse derived fuel (RDF) in a pilot-scale reactor [246,260]. The deposition rate 
on a slagging probe is considerably increased when coal is co-fired with sewage sludge (up to 20%, 
thermal basis) or 5% RDF. The results are compared with the predictions by a slagging index based 
on the ratio of fluxing oxides to sintering oxides, showing that intensive slagging has been observed 
when the index is in the range of 0.75–2 range. The slagging intensity is decreased when moving 
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away from this range in either direction [246,260].  

3.8 High temperature corrosion 

3.8.1 Corrosion mechanisms 

High temperature corrosion in the superheater region of a pulverized fuel-fired power plant may be 
induced by the sulphur and/or chlorine species generated from combustion. In conventional coal-
fired boilers, the corrosion of superheater tubes is mainly caused by the presence of molten alkali-
metal-trisulfates [261,262]. During pulverized coal combustion, the interactions between the 
vaporized alkali species and the gaseous sulphur may generate alkali sulphates, which can deposit 
on the superheater tubes either through condensation or thermophoresis. The deposited alkali 
sulphates may react with SO2 and iron oxide to generate alkali-iron-trisulfates. This reaction often 
requires a relatively high concentration of SO3, which may be generated from the catalytic 
oxidation of SO2 in the deposits. The resulting alkali-iron-trisulfates may form a molten layer at the 
outer surface of the oxide layer, which can increase the sulfidation potential of the superheater tubes 
and promote corrosion. The rate of corrosion on superheater tubes appears to be temperature 
dependent, often showing a bell-shaped curve in the temperature range of 600–750 oC. At low metal 
temperature (e.g. <550 oC), the ash deposit is normally a porous layer allowing relatively free gas 
diffusion between the tube surface and the bulk gas, thus the corrosion rate can be approximately 
correlated to the gas phase oxidation rate of the metal. At higher metal temperatures, the corrosion 
rate can be significantly increased by the appearance of a molten layer of alkali-metal-trisulfates 
adjacent to the tube surface. When the metal temperature is further increased (e.g. >700 oC), the 
stability of the iron sulphates can be decreased due to thermodynamic limitations, thus leading to a 
decreased corrosion rate [261].  

In biomass-fired boilers, the deposits formed on the superheater tubes may contain a considerabe 
amount of alkali chlorides, which can cause higher corrosion rates than alkali sulphates. The 
mechanisms of the chlorine associated corrosion in biomass combustion have been reviewed in 
[140,261]. The corrosion can be either induced by the gaseous chlorine species (such as HCl or Cl2) 
or the solid/molten alkali chlorides deposited on the superheater tubes. The HCl and Cl2 in the flue 
gas may diffuse to the interface of scale and metal, where they react with the metal alloys to form 
metal chlorides. The depletion of the oxygen at the interface of scale and metal favors the metal 
chlorides to be present in a vapor phase. Once generated, these volatile metal chlorides may diffuse 
to the flue gas and gradually being oxidized to solid metal oxides, since the oxygen concentration is 
increased with increasing distance from the metal surface. The formed metal oxides usually have a 
very loose structure providing limited protection for further attack. On the other hand, the chlorine 
released from the oxidation reaction may diffuse back to the metal surface and lead to further 
corrosion. However, the corrosion mechanism described above requires a relatively high gaseous 
chlorine concentration in the flue gas, which may not be achieved during biomass combustion. 
Alternatively, the relatively high chlorine concentration may result from the sulphation of the 
deposited alkali chlorides. Such reactions are thermodynamically favorable at the temperatures of 
the superheater region, and can result in a significantly high local gaseous chlorine concentration. 
Once the gaseous chlorine is formed through the sulphation reactions, the corrosion would follow 
the same mechanism as described earlier [261].  

Besides the corrosion caused the attacking of gaseous chlorine, the presence of molten chlorine 
species may also cause a fast corrosion rate on superheater tubes [261]. These molten chlorine 
species are usually not only alkali chlorides, but rather a mixture of alkali chlorides and other 
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chlorides (such as FeCl2), which can form low-temperature eutectics. The presence of these low-
temperature eutectics may induce some direct corrosion reactions and in general results in a 
remarkably high corrosion rate [261]. In addition to the major mechanisms mentioned above, some 
other chlorine associated mechanisms may also contribute to the corrosion of superheater tubes. 
These mechanisms are described in more detail in [261].  

3.8.2 Influence of co-combustion on corrosion 

 

Figure 25. Arrhenius plot showing the corrosion rate of TP347HFG during 100% coal firing, 100 
straw firing and co-firing of coal and straw [263] . 

The most practical approach to assess the influence of co-combustion on corrosion is to insert 
corrosion probes in a full-scale co-combustion plant and to conduct long-term tests. This has been 
carried out during co-combustion of coal and straw in pulverized coal-fired power plants, with 
controlled probes at different locations of the superheater region [79,263,264]. Figure 25 shows the 
corrosion rate obtained on the probes made of TP347HFG under different co-firing conditions at the 
Studstrup power plant Unit 1, in which 10% and 20% (thermal basis) of straw is co-fired with coal 
[263]. The co-firing results are obtained at an exposure time of about 3000 h and are compared with 
that of dedicated coal and straw combustion. It appears that when coal is co-fired with 10% straw, 
the corrosion rates are similar to dedicated coal combustion at all temperatures. On the other hand, 
when coal is coal-fired with 20% straw, a slight increase compared to 10% straw co-firing is 
observed, particularly at high metal surface temperatures. Nevertheless, the corrosion rate in co-
firing of coal and 20% straw is remarkably lower than that of 100% straw combustion, and is 
considered to be comparable to that of medium-corrosive coals [79]. The main corrosion 
mechanism for dedicated coal combustion and co-firing of coal and 10% straw is believed to be 
sulphidation and oxidation. The oxidants needed by these reactions originate from the potassium 
sulphate present in the deposits, and the corrosion products are Fe2O3 and FeS. However, for 20% 
straw co-firing, low temperature hot corrosion constitutes an additional important corrosion 
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mechanism, especially at high metal surface temperatures. This mechanism is induced by a melt 
formed by a mixture of iron sulphate and potassium sulphate, which can considerably increase the 
corrosion rate through increasing the dissolution of gaseous oxidants at the salt-flue gas interface 
and the transport of oxidants (e.g. SO3) to the salt-oxide interface. The chlorine associated corrosion 
is found to be negligible in co-firing of 10% or 20% straw [263].  

The effect of 10% straw co-firing on the corrosion of superheater tubes has been tested at longer 
exposure time (7231 h, 17719h and 22597h) in the Studstrup power plant Unit 4 [264]. The results 
also support that sulphidation and oxidation is the main corrosion mechanism, and the contribution 
of low temperature hot corrosion is negligible. However, compared to the results obtained in unit 1 
of the Studstrup power plant [263], high corrosion rate is observed in this longer test, which is 
attributed to the occurrence of internal sulphidation [264].    

3.9 Fly ash utilization 

Fly ash from pulverized coal combustion can be used in concrete or cement production [72,265]. In 
Europe, the standardizations EN 197-1 and EN 450-1+A1 have specified the requirements of 
utilizing coal fly ash in cement and concrete production, respectively [266,267]. The utilization of 
fly ash from co-combustion of coal and secondary fuels in cement production is restricted in EN 
197-1. However, the recently released EN 450-1+A1 permits the utilization of fly ash from co-
combustion in concrete production when the criteria are fulfilled. In order to meet the requirements 
of EN 450-1+A1, the amount of the secondary fuels used in co-combustion must not exceed 20 
wt%, and the contribution of the secondary fuels to the fly ash must not exceed 10 wt%. The types 
of the secondary fuels allowed by En 450-1+A1 include vegetable materials like wood chip and 
straw, green wood and cultivated biomass, animal meal, municipal sewage sludge, paper sludge, 
petroleum coke, and virtually ash free liquid and gaseous fuels [267]. Besides the specific 
requirements mentioned above, the fly ash from co-combustion must also meet the general 
requirements for the fly ash properties, which are partly given in Table 1. The parameters given in 
Table 1 may be affected when coal is co-fired with a secondary fuel, particularly when the 
secondary fuel has relatively large ash content. A typical example is straw, which does not only 
have an ash content comparable to coal, but also contains considerable amount of K and Cl. Thus 
co-firing of coal and straw may increase the Cl and K content in the fly ash, which may confine the 
utilization of fly ash in concrete production. Based on the fly ash composition obtained from full-
scale co-firing of coal and straw [79], the chlorine and alkali content in the fly ash is found to meet 
the criteria of EN 450-1+A1, even  at about 25 wt% straw condition. However, the results are 
limited to the fuels in the plant and the applied operation conditions [79]. Different results may be 
achieved for different coal/secondary fuels and different operation conditions [60].  

The influence of the fly ash from co-combustion on the quality of concrete has been investigated by 
Wang et al. [268] through replacing 25 wt% of cement by different fly ashes. In their tests, the fly 
ash from co-firing of coal and 10 wt% or 20 wt% switchgrass is compared with the coal ash of the 
same class (Class F according to the ASTM C618). In addition, the ash from pure wood combustion 
(20 wt%) is blended with two different coal fly ash (Class C and Class F, respectively), and 
compared with the original coal fly ash. The results reveal that the fly ash from co-firing and the 
blended fly ash exhibit slightly greater water demand than the traditional Class C and Class F fly 
ash, but the difference is marginally significant. Compared to pure cement, the air-entraining agent 
demand and the setting time are increased, when part of the cement is replaced by different ashes. 
The increased air-entraining agent demand is presumably related to the relatively high loss of 
ignition in the co-firing or blended ash. Up to 7 days, the compression strength of the concrete 
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produced by pure cement seems to be higher than that produced by the addition of ashes. However, 
the difference in compression strength becomes insignificant from 28 days to one year. The impact 
of fly ash addition on the 56 day flexure strength is insignificant with respect to pure cement. Based 
on their results, it was concluded that the co-firing fly ash and the blended fly ash used in tests is 
similar to pure coal fly ash, with respect to the properties of the produced concrete [268]. However, 
care must be taken to prepare the concrete since the fly ash from co-firing or the blended fly ash 
may increase the amount of air-entraining agent needed to meet the requirement of the air content 
percentage in the concrete mix [268].  

Table 1 Chemical and physical requirement for the fly ash used in concrete production based on EN 
450-1+A1 [267]. 

Properties                                             Concrete Criteria (EN 450-1+A1) 

Loss on ignition ≤ 5 (wt%), Category A 

2-7 (wt%), Category B 

4-9 (wt%), Category C 

Chloride (Cl-) ≤ 0.1 (wt%) 

Sulfuric anhydride (SO3) ≤ 0.1 (wt%) 

Free CaO ≤ 2.5 (wt%) 

Reactive CaO ≤ 10 (wt%) 

Reactive SiO2 ≤ 25 (wt%) 

SiO2+Al2O3+Fe2O3 ≥ 70 (wt%) 

Total alkali ≤ 5 (wt%) 

MgO ≤ 4 (wt%) 

Soluble phosphate (P2O5) ≤ 0.01 (wt%) 

Fineness 60 (wt%) ≤ 0.045 mm, Category N 

88 (wt%) ≤ 0.045 mm, Category S 

Activity index ≤ 75% at 28 days and ≤ 85% at 90 days 

Soundness expansion ≤ 10 mm for a mixture of 30 wt% fly ash and 70 wt% test cement* 

Particle density deviate no more than ± 200 kg/m3 from the declared value 

Initial setting time initial setting time for a mixture of 25 wt% fly ash and 75 wt% test cement ≤ twice of the 
time of the test cement 

Water requirement ≤ 95 (wt%), Category S 
* Only needed when free CaO > 1 (wt%) 
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