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Abstract 
In developing countries like India, coal remains the primary source of electricity despite a significant increase in 

non-conventional power generation. An essential goal of coal-fired power plants is to achieve nearly efficient 

combustion while emitting as few harmful gases as possible. This work presents an in-depth review of coal 

combustion characteristics and emissions. An in-depth analysis of the impact of ash content, moisture content, 

particle size, and oxygen concentration on coal's ignition and emission characteristics and its blend with different 

types of coal and biomass is presented. In this review, experimental as well as numerical aspects are discussed. 

Co-combustion of coal and biomass under oxyfuel conditions holds the potential for negative carbon-dioxide 

emissions into the environment. This is an effective technology for reducing CO2 levels in the atmosphere as well 

as NOx and SO2 emissions. 
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I. Introduction 
Electricity demand is increasing due to a 

growing population and rapid industrialization. As a 

result, there is an increase in global electricity 

demand. Currently, coal and natural gas are the 

primary fuel sources for power generation. 

Countries such as India, China, Indonesia, and 

Australia are rich in coal resources. The coal 

reserves of 10 countries account for about 80% of 

the world's reserves. About 25% of coal reserves are 

in the United States, making it the top country on the 

list (as shown in Fig. 1). Fossil fuels will remain the 

dominant energy source for many years to come in 

developing countries like India, where the energy 

transition from fossil fuels to renewable fuels is still 

in the primary stage.  

India generates power from conventional 

sources (Hydro, Thermal, and Nuclear) as well as 

renewable resources (Solar, Wind, and Biomass). In 

India, the majority of electricity is generated via 

coal-fired thermal power plants, which account for 

75% of total production. It is crucial, however, to 

remember that emissions from coal combustion, 

including NOx, CO, SOx, particulate matter (PM), 

and heavy metals, accumulate in the atmosphere and 

pose serious health risks [1–3]. Indian coal contains 

a lot of moisture and ash compared to coal from the 

USA, Russia, and Australia. Coal combustion is a 

highly complex process because minerals and 

carbonaceous materials interact with the gaseous 

phase  [1,4–7]. This Fig. 2  shows Barnes description 

of the combustion mechanism of pulverized coals 

[7]. Carbon burnout and pollutants such as NOx 

emissions are highly influenced by flame stability 

and ignition during solid fuel combustion. 

Heterogeneous and homogeneous ignition behavior 

describe solid fuel particles' ignition behavior. 

Homogeneous ignition occurs when volatiles are 

released from fuel particles. When oxygen directly 

attacks fuel or char particles, heterogeneous ignition 

occurs. 

During coal combustion, a large number of 

chemical reactions occur when mineral matter sand 

carbonaceous components undergo an aggressive 

time-temperature profile. Hence, a complete 

investigation into the chemistry of coal combustion 

ignition is required. Understanding the ignition 

characteristics of a fuel is facilitated by the 

phenomenon of ignition delay. It is a significant 

challenge to reduce the high CO and NOx emissions 

from coal-powered burners. To reduce CO and NOx 

emissions, various emissions reduction techniques 

can be applied, such as swirling, porous combustion, 

and mild combustion. However, a comparative 

assessment of these emissions reduction needs to be 

discussed in detail. 
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Figure 1 : The total amount of coal reserved worldwide at the end of 2017 [1]. 

 

In order to develop technologies that 

contribute to low levels of CO and NOx, a detailed 

understanding of pulverized coal combustion 

characteristics is necessary. It is essential for burners 

or furnaces that are designed to burn low-grade coal 

such as Indian coals. In contrast to foreign-grade 

coal, Indian-grade coal emits more NOx and CO due 

to its high ash content and moisture content. Solid 

fuel ignition behavior depends on several factors, 

such as particle size, fuel properties, furnace 

temperature, gas composition, heating rate, fluid 

flow, particle number density, etc [8–11]. The 

percentage of ash present in the fuel and the 

characteristic of ash dictates the sizing of the 

furnace. Fuel with ash characteristics leading to 

slagging and fouling requires a conservatively sized 

furnace since ash quantity influences the furnace 

heat transfer by shielding the radiation. Flame 

temperature is lowered by increased ash quantity. 

Indian coal contains a high quantum of ash; 

consequently, the heat released by fuel will be held 

up by the ash and will be released slowly, and this 

necessitates a more oversized furnace. Higher the 

ash quantity, the greater the shielding of furnace 

walls. The moisture content in coal greatly 

influences the heat released during coal oxidation at 

low temperatures (approximately lower than 400oC), 

and this influence differs greatly for different ranks 

of coal. Firstly, moisture will be totally evaporated 

out at about 100oC, which will absorb a lot of heat. 

For lignite, the influence of moisture is very slight, 

and during the whole oxidation stage, the coal 

samples with different moisture content are 

exothermic. However, the oxidation process of all 

the coal samples is in an endothermic environment, 

except for the gas and fat coal, with a moisture 

content of 3.6%, and anthracite, with a moisture 

content of 20%. Especially for anthracite, below 

400oC, except for the coal with a moisture content of 

20%, the rest of the coal samples (coal samples of 

anthracite with moisture contents of 1.5, 10, 12, 18, 

and 25%) are endothermic. Secondly, the vaporized 

moisture will be absorbed by coal, and this process 

can be proven by the slight weight increase at about 

200 to 400oC. The weight will decrease again when 

the absorbed moisture is vaporized out once again. 

After 400oC, the effect of moisture will be 

finished[12]. For the same rank of coal, the different 

moisture content will affect the coal’s exothermicity 

in very different ways. It was found that certain 
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ranks of coal with higher moisture content will 

release more heat than the same coal with lower 

moisture content. Consequently, for each rank of 

coal, there is a critical moisture content at which the 

coal has a high tendency for spontaneous 

combustion. For lignite and anthracite, the critical 

moisture content is 25% and   20%, respectively. For 

gas coal and fat coal, the lower the moisture content 

is, the higher the tendency of the coal to spontaneous 

combustion. 

The aim of the present work is to provide a 

comprehensive review of the ignition and emissions 

characteristics of coals and their blend with different 

additives. The effect of various crucial parameters 

such as moisture & ash content, particle size, and 

oxygen temperature will be discussed in detail. This 

effort will assist beginners and researchers in this 

area in recognizing future research gaps. 

 

 
Figure 2 : The main mechanisms involved in the formation of ash during the combustion of pulverized coal [7]. 

 

II. Combustion Aspects 
2.1 Ignition Characteristics 

2.1.1 Ignition Characteristics of Coal and 

Biomass Blends 

In solid fuel combustion, flame stability 

and ignition behavior play crucial roles in the 

formation of pollutants as well as burnout. Solid fuel 

combustion involves both heterogeneous and 

homogeneous ignition. When coal particles are 

ignited homogeneously, volatile matters are 

released, whereas when coal particles are ignited 

heterogeneously, oxidants attack directly on the 

surface of fuel/char. Fuel properties and particle size 

affect flame characteristics and ignition 

performance during co-combustion. Coal 

characteristics affect coal combustion 

characteristics, such as the rate at which energy is 

released, the burning rate, and the ignition 

temperature. It is important to note that coal's 

hydrocarbon composition significantly affects these 

combustion characteristics. There is a close 

relationship between ignition properties and flame 

stability of fuels. As a result, analyzing fuel ignition 

characteristics is crucial. 
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Figure 3: Maximum combustion and minimum ignition temperature of different coals and fuel samples [13]. 

 

Vershinina et al. [13] conducted 

experiments on the igniting characteristics of several 

types of coal and fuel samples, as depicted in Fig. 3.  

Figure 3 shows that anthracite has a higher 

combustion temperature. The difference between the 

combustion temperature of anthracite and bituminous 

coals is around 100oC. Indian coal is mostly 

bituminous. This is a medium-grade coal that has a 

high heating capacity. The most common type of coal 

used in India for electricity production is bituminous 

coal. Kumar and Nandi [14] studied the combustion 

characteristics of high ash Indian coal (Bhatgaon coal 

mine), wheat husk (WH), wheat straw (WS), and 

their blends for the temperature range of 30-700oC at 

atmospheric oxygen content and pulverized coal 

particle size of 75 micro meters.   

Kumar and Nandi's [14] results show that 

the combustion efficiency of pure coal and its blend 

with WH & WS increases with an increase in 

temperature. The burning efficiency of coal increased 

from 3.44% to 96.77% as the combustion chamber 

temperature increased from 300oC to 500oC. 

Similarly, for wheat husk and wheat straw, the 

combustion efficiency increases from 43.84 to 100% 

and 56.02% to 100%, respectively, for the same 

temperature range. The combustion efficiency 

increased when the individual WS/WH content 

increased from 10% to 20% for blend WH2, 33.77% 

to 42.79%, and for blend WS2, 31.16% to 48.38%, 

respectively (as shown in Fig. 4). 

 

 
Figure 4:  Combustion efficiency variation of high ash Indian coal, wheat straw, wheat husk, and their blends 

with temperature (WS1= 90% coal; 10% WS, WS2= 80% coal; 20% WS , WH1= 90% coal; 10% WH , WH2= 

80% coal; 20% WH) [14]. 
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Wheat straw and wheat husk are the major 

agricultural residue that is available in India. 

Various states of India, including Rajasthan, 

Haryana, Uttar Pradesh, Punjab, and Madhya 

Pradesh, burn a large amount of wheat straw and 

wheat husk without proper utilization strategies. The 

combustion of these agricultural residue’s releases 

submicron particles as well as volatile gases, which 

are highly harmful to humans and contribute to smog 

[15]. It may be possible to blend coal with biomass 

to the extent of 10-20%, taking into consideration 

the inefficiencies of high-ash coal combustion and 

the availability of biomass [16]. In addition to India, 

studies have been discussed around the globe 

regarding biomass blended coal combustion. 

Vhathvarothai et al. [17] and Cong et al. [18] results 

suggest that the activation energy and ignition 

temperature improve with the addition of biomass 

with coal. Similar observations are also made in the 

study of Kumar and Nandi [14] for the blend of high-

ash Indian coals with wheat straw and wheat husk 

(can be seen in Fig. 5). The higher activation energy 

of coal is due to higher fixed carbon (FC), lower 

volatile matter (VM), and higher ash content 

compared to wheat husk and straw. 

 

 
Figure 5: Activation energy variation with conversion for coal and its blend with (a) wheat straw and (b) wheat 

husk [14]. 

 

 
Figure 6: Enthalpy variation with conversion for coal and its blend with (a) wheat straw and (b) wheat husk 

[14]. 

 

Figure 6 shows the enthalpy variation of 

coal and its blend with wheat straw and husk. In 

terms of enthalpy values, coal has the highest 

enthalpy values, while wheat straw and husk have 

the lowest enthalpy values. Enthalpy values of coal+ 

wheat straw and coal + wheat husk blend decrease 

as biomass concentration in the blends increases. 

This phenomenon indicates that coal/biomass and 

blend combustion reactions are endothermic. For 

coal combustion to take place, a high enthalpy value 

signifies the need for more decomposition energy. 

Increased wheat straw and husk concentrations 

reduce the decomposition energy requirement 

during coal combustion. The reason for this is that 

biomass provides a necessary enthalpy value by 

igniting early. Lower combustion enthalpy values 
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required for biomass are due to the presence of 

lignocellulose and cellulose materials; these 

materials are easily combustible. A study by Wang 

et al.[19] found that adding wheat straw to a blend 

of low-ash coal improved combustion efficiency. 

Baxter [20] reported that the utilization efficiency of 

biomass and coal is increased by cofiring biomass 

and coal. Ballester et al.[10] studied the flame and 

emissions characteristics of lignite coal, bituminous 

coal, and biomass oak sawdust in a semi-industrial 

furnace.  

Ballester et al.[10] visual observations 

show that the combustion intensity in the near burner 

region increases as the fuel's volatile content 

increases. Also, the UHC concentrations in lignite 

coal combustion are very similar, or even lower, 

than those in bituminous coal combustion despite 

the higher volatile content. The flame near the 

burner zone of the sawdust combustion was more 

intense and wider than the coal flame. The fine 

fraction of sawdust particles released volatile 

substances, which may account for this 

phenomenon. A study on the influences of co-firing 

of coal and different biomass and its effect on flame 

stability and temperature is carried out in the 

industrial scale burner by Lu et al. [21]. In Lu et al. 

[21] work, the pulverized coal ignites slightly 

upstream of the combustor compared to the coal and 

biomass blend (can be seen in Fig.7). This trend is 

different from the above-discussed coal and biomass 

blend characteristics. However, the flame 

temperature is almost similar in pure coal and coal 

and biomass blends (can be seen in Fig.8).  In Lu et 

al. [21] work, devolatilization or ignition may be 

delayed as a result of the large size of biomass 

particles and higher moisture content available in the 

biomass. Moreover, biomass usually contains a large 

amount of volatile matter that starts to decompose at 

lower temperatures, resulting in a more intense 

flame than pure pulverized coal. 

 

 
Figure 7: Variation of the ignition location and flame temperature for different types of coal and biomass blends 

[21]. 

 

 
Figure 8: Variation of the ignition location and flame temperature for different types of coal and biomass blends 

at different excess air ratio [21]. 

 

The co-combustion of coal and biomass has 

received significant attention in the literature 

[18,19,22–26]. Typically, biomass particles size is 

larger than coal particles when coal and biomass are 

co-combusted. The process of grinding biomass is 

more difficult and expensive than that of grinding 

coal. There may be some differences between 

biomass and coal in terms of ignition performance 

due to particle size differences and fuel properties, 

which may affect flame characteristics. The 
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blending of different types of coal has also been 

studied in addition to the coal and biomass blends. 

The ignition behavior of pulverized coal and coal 

blends in a drop tube furnace was examined by Chi 

et al.[27]. According to Chi et al.[27], the ignition 

behavior resembles that of coal and biomass co-

combustion. Figure 9 shows the relative temperature 

and ignition point variation of different types of 

coals considered in the study of Chi et al. [27]. In Fig 

9., coal A has the highest concentration of volatile 

matter of 26.76%, while D has the lowest of 8.79%. 

Due to this reason, coal A has the lowest ignition 

temperature of 492K. In the case of coal, A and F 

blends in different proportions, as shown in Fig 10., 

the blend composition of 70% (A) and 30% (F) has 

the highest concentration of volatile matter 

concentration. Due to this, it shows the lowest 

ignition temperature of 502K.  

 

 
Figure 9: Variation of relative ignition temperature and ignition point of different coals [27]. 
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Figure 10: Variation in the ignition delay time of different coals at a particle size of 85 µm and oxygen 

concentration of 12, 16, and 20%[28]. 
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Figure 11: Variation in the ignition delay time of different coals at oxygen concentration of 20% and a particle 

size of 35, 60, 85, and 115 µm[28]. 

 

A coal blend's ignition property is 

influenced by the coal type having the highest 

volatile matter proportion in the coal blend. The 

characteristics of flame are significantly affected by 

the ignition delay time in pulverized coal 

combustion. When determining its ignition 

characteristics, it is essential to consider the particle 

size and the moisture & ash content of pulverized 

coal. In our group's recent work, a computational 

study is carried out to understand the ignition delay 

time of different Indian-grade coals and their blend 

with foreign-grade coals [28]. In this study, ignition 

delay analysis was performed for four Indian coals 

(IS1, IS2, IS3, and IS4), one South African coal 

(SA1), and two Indonesian coals (IAS1 and IAS2). 

Coal particle sizes ranged from 35, 60, 85, and 115 

µm, and oxygen concentrations in gas were 12, 16, 

and 20%. The details of IS1, IS2, IS3, IS4, SA1, 

IAS1, and IAS2 are given in the previous work [28]. 

In Fig. 10, curves show that ignition delay 

time decreases with furnace temperature as 

pulverized coal mixtures ignite more quickly. 

Mixture ignition delay times are also reduced with a 

decrease in coal particle size (can be seen in Fig. 11). 

Compared to South African and Indonesian coals, 

Indian coal exhibits slower ignition because of its 

high ash and moisture content. Coal with higher 

moisture content requires higher heating time, 

consumes more energy, and produces volatile 

compounds. The presence of volatile matter 

influences a coal's ignition. Coal with high ash 

content will produce more coal slag, which will 

decrease the combustion rate. As a result, Indian 

coal exhibits poor ignition characteristics in 

comparison to coals found in South Africa and 

Indonesia. Increases in pulverized coal particle size 

increase ignition delay time at a specific furnace 

temperature. As a result of their larger surface-to-

volume ratio, large particles take a longer time to 

ignite.  

Higher furnace temperatures accelerate 

devolatilization and chemical reactions occurring in 

the gas phase. The burning of low-quality coals with 

high ash content presents a number of challenges, 
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including problems with pulverizing, low flame 

temperature, and radiative heat transfer, as well as 

the production of a large amount of fly ash and 

unburned carbon. Low-grade Indian coals exhibit 

improved ignition characteristics when high-grade 

Indonesian and South African coals are added [28]. 

The combustion and ignition characteristics of coal 

in oxy and air atmospheres were numerically studied 

by Farazi et al.[29]. A decrease in particle size and 

an increase in initial gas temperature lead to a 

decrease in mixture ignition delay time, according to 

Farazi et al.[29]. It takes longer for coal particles to 

ignite in an oxy atmosphere than in an air 

environment. A lower initial gas phase temperature 

results in an increased difference in ignition delay 

time between the oxy and air atmospheres for a 

given particle size. As a result of carbon dioxide's 

chemical and thermal effects, the oxy atmosphere 

exhibits slower ignition than air.  

 

 
Figure 12: Mean combustion time and ignition delay time variation of Chinese (HL) and Indonesian (YN) 

lignite coals with moisture content [30]. 

 

Liu et al.[31] studied the ignition delay time 

of Pittsburgh high volatile bituminous and Black 

Thunder sub-bituminous in air and oxy atmosphere. 

Liu et al. [31] made similar observations as Farazi et 

al.[29] and found that the CO2 dilution level, coal 

particle size, and oxygen content govern the ignition 

delay time at lower gas temperatures. However, 

particle size significantly governs the ignition delay 

time of the mixture at a higher temperature. An 

experimental investigation was conducted by 

(a) (b) 

(c) 
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Tahmasebi et al.[30] to study the effect of moisture 

content on Indonesian and Chinese lignite coal's 

ignition and combustion behavior. The ignition delay 

was found to be linearly related to the moisture 

content of lignite (can be seen in Fig. 12(c)). Lignite 

particles ignite more slowly when they have a higher 

moisture content. It is interesting to note that both HL 

and YN lignite samples showed a similar ignition 

delay. There was an ignition delay of approximately 

83 and 160 ms for lignite samples containing 10% 

and 20% moisture, respectively. According to these 

results, moisture content produced similar effects on 

ignition delay in both samples with similar particle 

sizes regardless of coal rank. In both YN and HL 

samples with similar moisture contents, the amount 

of water to be vaporized before oxygen attacks the 

particle surface and the increase in the particle 

temperature is the same. This results in a similar 

ignition delay time. 

A comparison of the total combustion time 

of HL and YN lignite particles can be seen in Fig. 12 

(a) and (b). Burning time is defined as the time it 

takes particles to burn out completely after ignition. 

Figure 12 (a) and (b) illustrate the interesting fact that 

increasing the moisture content of HL lignite 

decreased the total combustion time because HL 

particles fragmented more intensely at higher 

moisture content. The total combustion time of YN 

lignite was negatively affected by increasing its 

moisture content. Moisture-rich YN samples burned 

out more slowly. As a result of the presence of water, 

the particle surface temperature and oxygen partial 

pressure were lower, and this leads to the opposite 

trend of combustion time variation of YN coals. 

The moisture content of coal has a major 

retarding effect on spontaneous heating. The time 

needed for the temperature to reach 350 K for moist 

coal is about twice that for dry coal. This temperature 

is maintained until the coal becomes dry. An increase 

in gas velocity results in a decrease in the maximum 

temperature rise because the evaporation rate 

increases; on the other hand, the temperature rise is 

proportional to the gas velocity for a dry coal bed. An 

increase in coal particle size also decreases the 

maximum temperature rise and moves the maximum 

temperature point downstream[32]. 

 

2.2 Emissions Characteristics  

There are several environmental hazards associated 

with coal combustion, including oxides of sulfur 

(SOx), oxides of nitrogen (NOx), mercury, and sulfur 

monoxide. An overview of the emissions from 

pulverized fired furnaces is provided in this section. 
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Figure 13: NOx and SO2 variation of hard coal (a & b) and brown coal (c & d) with straw pellets blend under 

different atmosphere [33]. 

 

According to Moron and Rybak [33], the 

impact of coal blending with straw pellets on 

emission characteristics in air and oxyfuel 

combustion conditions can be seen in Fig. 13. 

Blending biomass with coal resulted in reduced NOx 

and SO2 emissions. However, NOx emissions 

increase for the brown coal blend with biomass. 

Riaza et al.[34] reported similar effects of fuel 

blending on NOx and SO2 emissions. Emission in 

the oxy-fuel atmosphere is higher than in the air 

atmosphere because the volume of wet exhaust 

gases generated in oxy is lower than in air. Hofbauer 

et al.[35], Li et al.[36], and  Liu et al.[37] also 

observed the similar emissions behavior in oxy 

atmosphere. It depends on the nitrogen content of 

the fuel, whether biomass addition reduces or 

increases NO emissions. A nearly linear relationship 

existed between these decreases or increases and the 

amount of biomass in the blend. Hence, it can be 

seen that increasing straw pellet content in a brown 

coal blend will result in higher NOx emissions (as 

shown in Fig. 13(c)). In their study, Backreedy et al. 

[38] showed that coal blends has a lower NO 

concentration compared to single coals. 

 

(a) (b) 

(c) (d) 
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Figure 14: A comparison of SO2. CO2, and NOx concentrations at different compositions of feed gases (without 

recycled flue gas)[39]. 

 

A study by Chen et al.[39] examines the 

emission characteristics of SO2, CO2, and NOx in 

the flue gases of coal combustion by altering the 

concentrations and compositions of the feed gas 

(O2/CO2/N2) and the ratio of recycled flue gases. 

Figure 14 shows that carbon dioxide emissions from 

O2/CO2 combustion are clearly higher than those 

from O2/N2 combustion at the same oxygen 

concentration. For the same feed gas composition as 

general air, 21% O2/79% N2, coal combustion 

produces only 13% carbon dioxide, whereas O2/CO2 

coal combustion produces almost 98% carbon 

dioxide. Additionally, with increasing oxygen 

concentrations in the feed gas, carbon-dioxide 

concentrations from O2/N2 coal combustion 

increases. Similarly, Hjärtstam et al.[40] also 

reported that flue gas recycling reduced the NOx 

emissions. They observed that increasing the 

equivalence ratio decreased NOx emissions. Also, 

increasing recycling ratios increased NOx 

emissions. Hjärtstam et al. [40]concluded that NOx 

emissions were strongly dependent on nitrogen 

release into volatile matter and volatile to char 

nitrogen ratios. 

 

 
Figure 15: Variation NO concentration and temperature along the axis of furnace[41]. 

 

Gaikwad et al. [41] conducted the CFD 

analysis of swirl assisted two dimensional 

combustor to understand the combustion 

characteristics of pulverized coal under air, oxy-

CO2, and oxy-steam environment. Gaikwad et al 

[41]. found that the oxy-steam environment leads to 

lower temperatures of flames as well as low NO 

emissions at burner exit. In study by Ti et al. [42] it 

was found that increasing the outer cone length 

increases the size of the internal recirculation zone, 

which decreases the amount of nitrogen oxide 

emitted. Adding a De-NOx agent such as ammonia 
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to coal combustion can also reduce NOx emissions. 

Zhang et al. [43]  investigated numerically the 

influence of the co-firing ammonia ratio on the 

combustion and NOx emission characteristics of 

pulverized coal in a swirl-assisted burner. Zhang et 

al. [43]  discovered that the co-firing ammonia ratio 

significantly affects NOx and unburned carbon 

emissions. For a 10% ammonia co-firing ratio, more 

intense combustion results in an increase in NOx 

emissions and a decrease in unburned carbon and 

ammonia emissions. Due to the De-NOx properties 

of ammonia, more unburned NH3 and fewer NOx 

emissions are observed when the ammonia co-firing 

ratio is greater than 10%. In addition, the co-firing 

ammonia ratio exceeds 40%, resulting in a long, thin 

flame as opposed to the normal swirl flame. This is 

because a high-velocity ammonia jet has completely 

penetrated the internal recirculation zone. The 

above-mentioned studies demonstrate that swirl type 

or intensity modification is crucial for NOx 

reduction, flow mixing, and flame stability.  A study 

by Adamczyk et al. [44] investigated NOx emissions 

from re-burning gasification gases obtained from 

sewage sludge. NOx emissions in boilers are 

affected by the injection location as well as the 

amount of syngas injected. By increasing the 

secondary fuel proportion from 10% to 20%, a 

reduction in NOx emissions is observed. 

 

 
Figure 16: Variation of NOx and unburned carbon emission with ash content[45]. 

 

Kurose et al.[45] studied the NOx and 

unburned carbon variation with ash content in the 

mixture for standard and staged combustion (as 

shown in Fig. 16). Observations have shown that 

staged combustion decreases NOx concentration at 

the furnace exit and increases unburned carbon 

fractions. A reduction in NOx concentration is 

achieved by promoting the reduction of NOx. 

Meanwhile, the significant deficit in oxygen before 

the staged combustion air-port causes a significant 

increase in unburned carbon fractions. A staged 

combustion also increases NOx concentration and 

unburned carbon fraction with ash content, similar 

to the results of standard combustion. Reduced 

primary zone stoichiometry led to reduced NOx 

emissions, according to Ribeirete and Costa[46]. 

Ribeirete and Costa[46] highlight that the staged air 

injector configuration does not significantly impact 

NOx emissions. The NOx emission characteristics 

of superfine anthracite coal were investigated in 

single and multi-staged atmospheres by Shen et 

al.[47]. There is an increase of 12 to 22% in NOx 

reduction efficiency for superfine coal particles 

compared with regular-sized coal particles, and 

there is an increase in NOx reduction with 

multistage combustion over single-stage 

combustion (can be seen in Fig.17).  Chen et al.[48] 

found that the decrease in the stoichiometric ratio 

from 1.0 to 0.6 reduced the NO concentration from 

661.89 to 169.99 mg/N‐ m3. 
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Figure 17: NOx variation in single stage and multistage combustion (PCZ-primary combustion zone, Mode_1, 

Mode_2, and Mode_3 are different air distribution in multi stage combustion)[47]. 

 

A significant source of NOx, SOx, and 

particulate matter are emitted by pulverized coal 

combustion. In order to control these emissions, 

continuous efforts were made. NOx emissions are 

affected by several factors, such as the fuel type, the 

ash and volatile content of the fuel, coal particle size, 

and the furnace configuration [49]. Modifying the 

combustion process can control NOx emissions. In 

addition to utilizing low NOx burners, recirculating 

flue gases, staging furnace air, and reburning fuels. 

New boilers can easily be modified to improve 

combustion, but existing boilers are more difficult to 

modify. 

 

III. Conclusion 
The works summarize a detailed review of 

combustion and emissions characteristics of coal 

combustion. Ignition and emission controlling 

parameters such as ash content, moisture content, 

particle size, and oxygen concentration effect on 

ignition and emissions characteristics of coal and its 

blend with different coals and biomass are discussed 

in detail. 

 Identifying the problems associated with 

the combustion of low-grade coal and the utilization 

of agricultural wastes to minimize various air 

pollution issues is essential for the development of 

research on the co-combustion of high-ash coal and 

biomasses such as wheat straw and husk.  

 The activation energy of coal + biomass 

blends improves, while the enthalpy value decreases 

with an increase in the biomass content in the blend. 

Therefore, the blend of coal with suitable biomass 

may be an attractive option to be used in thermal 

power plants. In addition to reducing NOx, SOx, and 

CO2 emissions, co-combustion of biomass with coal 

is an effective way to generate renewable energy. 

 Moisture affects coal combustion 

differently depending on the type of coal. Beyond 

coal rank, particle fragmentation due to moisture 

content also plays a significant role in determining 

the total combustion time of low-rank coals like 

lignite.  

 CO2 can easily be separated by several 

carbon capture technologies under oxyfuel 

combustion conditions, resulting in a reduction in 

greenhouse gas emissions. Plant efficiency is 

reduced as a result of carbon capture and 

sequestration (CCS) technologies. A loss of plant 

efficiency is estimated to range from 8 to 12% when 

pre- and post-combustion capture is applied, and a 

loss of efficiency is estimated to range from 7 to 

11% when oxyfuel combustion capture is applied. 

 

References 
[1]. Yadav S, Mondal SS. A complete review 

based on various aspects of pulverized coal 

combustion. Int J Energy Res 2019;43:3134–

65. https://doi.org/10.1002/er.4395. 

[2]. Vuthaluru HB, Vuthaluru R. Control of ash 

related problems in a large scale tangentially 

fired boiler using CFD modelling. Appl 

Energy 2010;87:1418–26. 

https://doi.org/10.1016/j.apenergy.2009.08.0

28. 

[3]. Kim K, Choi M, Li X, Deng K, Park Y, Sung 

Y, et al. Effect of exhaust tube vortex on NOx 

reduction and combustion characteristics in a 

swirl-stabilized pulverized coal flame. Fuel 

2020;260:116044. 

https://doi.org/10.1016/j.fuel.2019.116044. 

[4]. Kim JK, Lee HD. Combustion 

Characteristics of High Moisture Indonesia 

Coal as a Pulverized Fuel at Thermal Power 

Plant. J Chem Eng Japan 2010;43:704–12. 

https://doi.org/10.1252/jcej.10we008. 

[5]. Makgato SS, Chirwa EMN. Characteristics of 

thermal coal used by power plants in 



Munamala Penchala Reddy, et. al. International Journal of Engineering Research and Applications 

www.ijera.com 

ISSN: 2248-9622, Vol. 13, Issue 5, May 2023, pp. 53-70 

 

 
www.ijera.com                                     DOI: 10.9790/9622-13055370                                    68 | Page 

               

 

 

 

 

Waterberg region of South Africa. Chem Eng 

Trans 2017;57:511–6. 

https://doi.org/10.3303/CET1757086. 

[6]. Golgiyaz S, Talu MF, Daşkın M, Onat C. 

Estimation of excess air coefficient on coal 

combustion processes via gauss model and 

artificial neural network. Alexandria Eng J 

2022;61:1079–89. 

https://doi.org/10.1016/j.aej.2021.06.022. 

[7]. Barnes DI. Understanding pulverised coal, 

biomass and waste combustion – A brief 

overview. Appl Therm Eng 2015;74:89–95. 

https://doi.org/10.1016/J.APPLTHERMALE

NG.2014.01.057. 

[8]. Essenhigh RH, Misra MK, Shaw DW. 

Ignition of coal particles: A review. Combust 

Flame 1989;77:3–30. 

https://doi.org/10.1016/0010-

2180(89)90101-6. 

[9]. Sun CL, Zhang MY. Ignition of Coal 

Particles at High Pressure in a 

Thermogravimetric Analyzer. Combust 

Flame 1998;115:267–74. 

https://doi.org/10.1016/S0010-

2180(97)00350-7. 

[10]. Ballester J, Barroso J, Cerecedo LM, Ichaso 

R. Comparative study of semi-industrial-

scale flames of pulverized coals and biomass. 

Combust Flame 2005;141:204–15. 

https://doi.org/10.1016/j.combustflame.2005

.01.005. 

[11]. Li Z, Miao Z, Zhou Y, Wen S, Li J. Influence 

of increased primary air ratio on boiler 

performance in a 660 MW brown coal boiler. 

Energy 2018;152:804–17. 

https://doi.org/10.1016/j.energy.2018.04.001

. 

[12]. Xu T, Wang DM, He QL. The study of the 

critical moisture content at which coal has the 

most high tendency to spontaneous 

combustion. Int J Coal Prep Util 

2013;33:117–27. 

https://doi.org/10.1080/19392699.2013.7694

35. 

[13]. Vershinina KYU, Dorokhov V V., Romanov 

DS, Strizhak PA. Comparing the ignition 

parameters of promising coal fuels. Process 

Saf Environ Prot 2020;139:273–82. 

https://doi.org/10.1016/J.PSEP.2020.04.027. 

[14]. Kumar P, Kumar Nandi B. Combustion 

characteristics of high ash Indian coal, wheat 

straw, wheat husk and their blends. Mater Sci 

Energy Technol 2021;4:274–81. 

https://doi.org/10.1016/J.MSET.2021.08.001

. 

[15]. Jenkins BM, Mehlschau JJ, Williams RB, 

Solomon C, Balmes J, Kleinman M, et al. 

Rice straw smoke generation system for 

controlled human inhalation exposures. 

Aerosol Sci Technol 2003;37:437–54. 

https://doi.org/10.1080/02786820300977. 

[16]. Aich S, Nandi BK, Bhattacharya S. 

Combustion characteristics of high ash Indian 

thermal, heat affected coal and their blends. 

Int J Coal Sci Technol 2021;8:1078–87. 

https://doi.org/10.1007/s40789-021-00419-3. 

[17]. Vhathvarothai N, Ness J, Yu J. An 

investigation of thermal behaviour of 

biomass andcoal during co-combustion using 

thermogravimetricanalysis (TGA). Int J 

Energy Res 2014;38:804–12. 

https://doi.org/10.1002/er. 

[18]. Cong K, Han F, Zhang Y, Li Q. The 

investigation of co-combustion 

characteristics of tobacco stalk and low rank 

coal using a macro-TGA. Fuel 

2019;237:126–32. 

https://doi.org/10.1016/J.FUEL.2018.09.149. 

[19]. Wang C, Wang F, Yang Q, Liang R. 

Thermogravimetric studies of the behavior of 

wheat straw with added coal during 

combustion. Biomass and Bioenergy 

2009;33:50–6. 

https://doi.org/10.1016/J.BIOMBIOE.2008.0

4.013. 

[20]. Baxter L. Biomass-coal co-combustion: 

opportunity for affordable renewable energy. 

Fuel 2005;84:1295–302. 

https://doi.org/10.1016/J.FUEL.2004.09.023. 

[21]. Lu G, Yan Y, Cornwell S, Whitehouse M, 

Riley G. Impact of co-firing coal and biomass 

on flame characteristics and stability. Fuel 

2008;87:1133–40. 

https://doi.org/10.1016/J.FUEL.2007.07.005. 

[22]. Ndou NR, Bada SO, Falcon RMS, Weiersbye 

IM. Co-combustion of Searsia lancea and 

Tamarix usneoides with high ash coal. Fuel 

2020;267:117282. 

https://doi.org/10.1016/J.FUEL.2020.117282

. 

[23]. Chansa O, Luo Z, Yu C. Study of the kinetic 

behaviour of biomass and coal during oxyfuel 

co-combustion. Chinese J Chem Eng 

2020;28:1796–804. 

https://doi.org/10.1016/J.CJCHE.2020.02.02

3. 

[24]. Huang, Yaji, Lihui Zhang  and FD. 

Investigation on thermal behavior and sulfur 

releasecharacteristics from rice husk and 

bituminous coalco-firing under 

O2/CO2atmosphere. Asia‐Pacific J Chem 

Eng 2016;11:51–9. 

https://doi.org/10.1002/apj. 

[25]. Fang M, Yang L, Chen G, Shi Z, Luo Z, Cen 



Munamala Penchala Reddy, et. al. International Journal of Engineering Research and Applications 

www.ijera.com 

ISSN: 2248-9622, Vol. 13, Issue 5, May 2023, pp. 53-70 

 

 
www.ijera.com                                     DOI: 10.9790/9622-13055370                                    69 | Page 

               

 

 

 

 

K. Experimental study on rice husk 

combustion in a circulating fluidized bed. 

Fuel Process Technol 2004;85:1273–82. 

https://doi.org/10.1016/J.FUPROC.2003.08.

002. 

[26]. Wang C, Bi H, Jiang X, Jiang C, Lin Q. 

Experimental study on ignition and 

combustion of coal-rice husk blends pellets in 

air and oxy-fuel conditions. J Energy Inst 

2020;93:1544–58. 

https://doi.org/10.1016/J.JOEI.2020.01.017. 

[27]. Chi T, Zhang H, Yan Y, Zhou H, Zheng H. 

Investigations into the ignition behaviors of 

pulverized coals and coal blends in a drop 

tube furnace using flame monitoring 

techniques. Fuel 2010;89:743–51. 

https://doi.org/10.1016/J.FUEL.2009.06.010. 

[28]. Penchala Reddy M, Shankar Singh A, 

Mahendra Reddy V, Elwardany A, Reddy H. 

Computational analysis of influence of 

particle size, oxygen concertation, and 

furnace temperature on the ignition 

characteristics of pulverized high ash and 

high moisture coal particle. Alexandria Eng J 

2022;61:6169–80. 

https://doi.org/10.1016/j.aej.2021.11.047. 

[29]. Farazi S, Attili A, Kang S, Pitsch H. 

Numerical study of coal particle ignition in 

air and oxy-atmosphere. Proc Combust Inst 

2019;37:2867–74. 

https://doi.org/10.1016/J.PROCI.2018.07.00

2. 

[30]. Tahmasebi A, Zheng H, Yu J. The influences 

of moisture on particle ignition behavior of 

Chinese and Indonesian lignite coals in hot air 

flow. Fuel Process Technol 2016;153:149–

55. 

https://doi.org/10.1016/J.FUPROC.2016.07.

017. 

[31]. Liu Y, Geier M, Molina A, Shaddix CR. 

Pulverized coal stream ignition delay under 

conventional and oxy-fuel combustion 

conditions. Int J Greenh Gas Control 

2011;5:S36–46. 

https://doi.org/10.1016/J.IJGGC.2011.05.02

8. 

[32]. Arisoy A, Akgün F. Modelling of 

spontaneous combustion of coal with 

moisture content included. Fuel 

1994;73:281–6. 

https://doi.org/10.1016/0016-

2361(94)90126-0. 

[33]. Moroń W, Rybak W. NOx and SO2 

emissions of coals, biomass and their blends 

under different oxy-fuel atmospheres. Atmos 

Environ 2015;116:65–71. 

https://doi.org/10.1016/J.ATMOSENV.2015

.06.013. 

[34]. Riaza J, Gil M V., Álvarez L, Pevida C, Pis 

JJ, Rubiera F. Oxy-fuel combustion of coal 

and biomass blends. Energy 2012;41:429–35. 

https://doi.org/10.1016/J.ENERGY.2012.02.

057. 

[35]. Hofbauer G, Beisheim T, Dieter H, 

Scheffknecht G. Experiences from Oxy-fuel 

Combustion of Bituminous Coal in a 150 

kWth Circulating Fluidized Bed Pilot 

Facility. Energy Procedia 2014;51:24–30. 

https://doi.org/10.1016/J.EGYPRO.2014.07.

003. 

[36]. Li H, Li S, Ren Q, Li W, Xu M, Liu JZ, et al. 

Experimental Results for Oxy-fuel 

Combustion with High Oxygen 

Concentration in a 1MWth Pilot-scale 

Circulating Fluidized Bed. Energy Procedia 

2014;63:362–71. 

https://doi.org/10.1016/J.EGYPRO.2014.11.

039. 

[37]. Liu J, Gao S, Jiang X, Shen J, Zhang H. NO 

emission characteristics of superfine 

pulverized coal combustion in the O2/CO2 

atmosphere. Energy Convers Manag 

2014;77:349–55. 

https://doi.org/10.1016/J.ENCONMAN.201

3.09.048. 

[38]. Backreedy RI, Jones JM, Ma L, 

Pourkashanian M, Williams A, Arenillas A, 

et al. Prediction of unburned carbon and NOx 

in a tangentially fired power station using 

single coals and blends. Fuel 2005;84:2196–

203. 

https://doi.org/10.1016/J.FUEL.2005.05.022. 

[39]. Chen JC, Liu ZS, Huang JS. Emission 

characteristics of coal combustion in different 

O2/N2, O2/CO2 and O2/RFG atmosphere. J 

Hazard Mater 2007;142:266–71. 

https://doi.org/10.1016/J.JHAZMAT.2006.0

8.021. 

[40]. Hjärtstam S, Andersson K, Johnsson F, 

Leckner B. Combustion characteristics of 

lignite-fired oxy-fuel flames. Fuel 

2009;88:2216–24. 

https://doi.org/10.1016/J.FUEL.2009.05.011. 

[41]. Gaikwad P, Kulkarni H, Sreedhara S. 

Simplified numerical modelling of oxy-fuel 

combustion of pulverized coal in a swirl 

burner. Appl Therm Eng 2017;124:734–45. 

https://doi.org/10.1016/J.APPLTHERMALE

NG.2017.06.069. 

[42]. Ti S, Chen Z, Li Z, Zhang X, Zhang H, Zou 

G, et al. Effects of the outer secondary air 

cone length on the combustion characteristics 

and NOx emissions of the swirl burner in a 

0.5 MW pilot-scale facility during air-staged 



Munamala Penchala Reddy, et. al. International Journal of Engineering Research and Applications 

www.ijera.com 

ISSN: 2248-9622, Vol. 13, Issue 5, May 2023, pp. 53-70 

 

 
www.ijera.com                                     DOI: 10.9790/9622-13055370                                    70 | Page 

               

 

 

 

 

combustion. Appl Therm Eng 2015;86:318–

25. 

https://doi.org/10.1016/j.applthermaleng.201

5.04.021. 

[43]. Zhang J, Ito T, Ishii H, Ishihara S, Fujimori 

T. Numerical investigation on ammonia co-

firing in a pulverized coal combustion 

facility: Effect of ammonia co-firing ratio. 

Fuel 2020;267:117166. 

https://doi.org/10.1016/j.fuel.2020.117166. 

[44]. Adamczyk WP, Werle S, Ryfa A. Application 

of the computational method for predicting 

NOx reduction within large scale coal-fired 

boiler. Appl Therm Eng 2014;73:343–50. 

https://doi.org/10.1016/J.APPLTHERMALE

NG.2014.07.045. 

[45]. Kurose R, Ikeda M, Makino H. Combustion 

characteristics of high ash coal in a pulverized 

coal combustion. Fuel 2001;80:1447–55. 

https://doi.org/10.1016/S0016-

2361(01)00020-5. 

[46]. Ribeirete A, Costa M. Impact of the air 

staging on the performance of a pulverized 

coal fired furnace. Proc Combust Inst 

2009;32:2667–73. 

https://doi.org/10.1016/J.PROCI.2008.06.06

1. 

[47]. Shen J, Liu J, Zhang H, Jiang X. NOx 

emission characteristics of superfine 

pulverized anthracite coal in air-staged 

combustion. Energy Convers Manag 

2013;74:454–61. 

https://doi.org/10.1016/J.ENCONMAN.201

3.06.048. 

[48]. Chen Z, Wang Z, Li Z, Xie Y, Ti S, Zhu Q. 

Experimental investigation into pulverized-

coal combustion performance and NO 

formation using sub-stoichiometric ratios. 

Energy 2014;73:844–55. 

https://doi.org/10.1016/J.ENERGY.2014.06.

093. 

[49]. Ndibe C, Maier J, Scheffknecht G. 

Combustion, cofiring and emissions 

characteristics of torrefied biomass in a drop 

tube reactor. Biomass and Bioenergy 

2015;79:105–15. 

https://doi.org/10.1016/J.BIOMBIOE.2015.0

5.010. 

 


