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Combustion of Fuel 
 

Classification of Fuels 

Fuels are classified into three main groups: 

• Solid fuels 

• Liquid fuels 

• Gaseous fuels 

The choice of fuel depends upon its availability, cost and its efficiency. Therefore the 
selection of fuel is very crucial. Many times fuels such as Bagasse, Rice husk, 
Coconut shell are cheaply available which gives less steam cost even if the efficiency 

is low. The low cost of steam reduces the production cost, which results in increase 
in the overall profitability of the enterprise.  

 

Solid Fuels 

Coal: Various types of coal are Peat, Lignite, Anthracite and Bituminous. In India, 
commercial classification of coal includes Coal-A, Coal-B, Coal-C, Coal-D & Coal-E. 

Some residues can be used as fuel substitutes, for example: 

In Sugar Industry: Bagasse 

In Rice/Dal Mills: Husk 

In Solvent Extraction Plants: Shell of seeds 

Other Agricultural Wastes 

Peat: It contains high percentage of moisture (90%) and small percentage of 
volatile matter and carbon. It is not suitable for boilers as it contains high 
percentage of moisture. It is sun dried to remove the greater part of moisture. 

Lignite: it also contains high percentage of moisture (30 to 45%) but can be dried 
just by exposing to air. It is brown in color and exhibits a woody structure. It 
contains 6 % moisture when dried.  Therefore it can be used as fuel in pulverized 
form. 

Bituminous Coal: It is most popular form of coal used for various purposes. It has 
high caking power. The ash content varies from 6 to12%. Fusion temperature of its 
ash is around 1093 ºC and the moisture content is very low. Sub-bituminous coal is 
similar to lignite. Semi-bituminous coal is intermediate between anthracite and 
bituminous coals in properties and used widely in boilers. 

Anthracite Coal: It contains high % of carbon and the percentage of volatile matter 
is below 8 %. Pulverization of anthracite is difficult and costly. Properties of semi -
anthracite coal lies between anthracite and bituminous. 

The common coals used in Indian industry are bituminous and sub-bituminous coal. 
The gradation of Indian coal based on its calorific value is as follows: 
 

Grade Calorific Value Range (in kCal/Kg) 

A Exceeding 6200 

B 5600 – 6200 

C 4940 – 5600 

D 4200 – 4940 

E 3360 – 4200 

F 2400 – 3360 

G 1300 – 2400 

 
Some other solid fuels: 
Baggasse: Baggasse is the refuse of sugarcane from which the juice is extracted in 
sugar mills. Bagasse is bulky tenacious and fibrous. Bagasse contains 30 to 50% 
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wood fibre, 01 to 10% sucrose, & 40 to 60% moisture.  The C.V. of Bagasse with 
54% moisture is about 2222 kcal/kg. For better burning, preheated air (at 204°C) is 
used. 

 Rice Husk: Husk is a bye-product of agriculture crop and which is the outer 
covering of rice, groundnut etc. During husking operation, husk is separated from 
rice or ground nuts and hence readily available on site. It has got very little value 

except for using it as fuel for Boiler. The C.V. of husk is about 3055 kcal/kg. In 
Lancashire or marine boilers, husk is fired straight  It is available in considerable 
quantity from rice mills and is cheap fuel. It is also easy to handle and by burning 

husk, problem of disposing it, is also getting solved. Similarly, ground nutshells, 
cotton field wastes etc. also can make good fuel for boilers. 
 

Liquid Fuels: 

The liquid fuel used for firing in boilers is mineral oil obtained from many hundreds 
of feet beneath the earth’s surface. As coal is, generally, regarded, as having been 
formed from vegetable matter, trees and other plant life, Mineral Oil is believed to 

have basically originated from marine life. 
 As oil comes from the well it is known as crude petroleum or Crude. It varies 
considerably in its composition and characteristics according to the part of the world 

from which it is obtained. Crude is a mixture of many constituent oils. Some of these 
oils evaporate at a low temperature and under ordinary atmospheric conditions 
would evaporate into the air to form an explosive mixture. 

Crude oil is taken to refinery where it is refined or distilled. In this process the 
lighter or thinner oils such as benzene, petrol, paraffin, gas oil etc. are successively 
boiled off and separated. The heavy residue or so-called black oils are used as fuel 
oils in boilers. These are the oils, which are used for steam generation in power 
stations. 
 

 Naphtha: 
Naphtha is a petroleum product. It is very light and easily evaporates even in 
atmospheric conditions. Naphtha firing is to be done with utmost care, as it is 

susceptible for explosions. It has density of about 0.7 and a calorific value of about 
11000 kcal/kg air atomization is adopted for firing Naphtha. Naphtha is very costly 
and availability is very less. It is mainly used in fertilizers as feed stock or in Gas 

Turbines as a fuel 
 

 Light diesel oil/High speed diesel oil: 

It is heavier than Naphtha. It does not evaporate in atmospheric conditions as 
Naphtha. But it does not require any preheating since its viscosity is low and is very 
light and flowable even in atmospheric conditions. Because of high cost it is not 
economical to fire in Boiler on a continuous basis. 
High speed diesel oil is lighter and cleaner than LDO. Since it is clean and lighter, 
HSD is used for firing of igniters. It is not usual practice to fire HSD in boilers. It is 

exclusively used for surface transport and agricultural purpose. It is also not 
economical since the cost of HSD is more than LDO. 
 

 Heavy Furnace oil:  
HFO is a heavy residual oil. The viscosity is very high at room temperature 
conditions. Hence it requires preheating to ensure its flowability. It is difficult to 
handle. Heavy oil storage tanks are provided with preheating arrangement and the 
tank heating is done by steam coil heaters to maintain oil temperature around 65 to 
70°C. The tanks are to be insulated. Further preheating is required to be done before 

it is fired in boilers, in order to ensure proper firing of oil. HFO is cheaper compared 
to all other petroleum products and is economical for continuous firing in a liquid fuel 
fired boiler. 
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 LSHS (Low Sulfur Heavy Stock) 
It is a liquid fuel, which is very widely used nowadays in many of the high-pressure 
boilers.  As the name indicates the sulfur content of this fuel is very low in the order 
of 1.2 to 1.5% by weight. 
 

a. LSHS solidifies even at 60°C. When it solidifies it looks like wax, which is soft 

and pasty.  
b. But it starts melting and become flowable at 70°C or 75°C and can be easily 

pumped. 

c. Steam tracing or electric heating is required for the lines carrying LSHS, 
invariably, during all the seasons, to improve its flowability.  

d. LSHS is clean oil but its lubricating properties are poor and hence wear and 
tear of pump gears is more. 

e. LSHS costs less than the furnace oils and it has got no other usage except 
burning in a furnace. 

f. The calorific value of LSHS is about 9500 to 10000 kcal/kg. 
In  any type of fuel oil, sulfur (S) is harmful as  it  combines with  moisture & forms 
sulphurous & sulfuric acids which  cause corrosion  in the low temperature zone 

equipment in  the  boiler mainly,  it adversely affects APH tubes, ducts, ID  Fans 
 runners etc. 

  

TYPICAL SPECIFICATION OF FUEL OILS 
 

Properties 

 

Furnace Oil LS.H.S. L.D.O. 

 

Density (Approx. 

g/cc at 15°C) 

0.89–0.95 0.88–0.98 0.85–0.87 

 

Flash Point (°C) 66 93 66 

Pour Point (°C) 20 72 18 

G.C.V. (kCal/kg) 10,500 10,600 10,700 

Sulphur % Wt. Upto 4.0 Upto 0.5 Upto 1.8 

MC % Vol. 1.0 1.0 0.25 

Ash % Wt. 0.1 0.1 0.02 

 

 

Gaseous Fuels 

• LPG (Liquefied Petroleum Gas) 

• Butane  

• Propane 

• Biogas 

• Natural Gas 

• Re-former Gas  

• Producer Gas 

 

LPG (Liquid Petroleum Gas): It refers to gaseous compounds containing C3 and 
C4 hydrocarbons i.e. propane, butane, propylene, butylenes and the isomers of the 
C4 compounds that can be liquefied by applying moderate pressure. It has NCV of 

10750 Kcal/Kg. 

Natural gas: It is made up mainly of the paraffin compounds, methane a small 
amount of propane, ethane, butane and other light hydrocarbon plus some nitrogen 

and oxygen. It has NCV of 8850 Kcal/Kg. 
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COMBUSTION 

Combustion Principles 

All fuels contain combustible elements such as carbon, hydrogen, Sulphur etc., 
which readily combines with oxygen gives heat during combustion. It is always 
necessary to supply sufficient air for the complete combustion of fuel and so it is 

necessary in all design of combustion equipment to calculate the mass of air 
required for the complete combustion of the fuel. If the air supplied is insufficient 
then some of the carbon will be burned to carbon monoxide instead carbon dioxide 
and this will reduce the amount of heat produced during the combustion in addition 
to the pollution caused by carbon monoxide. 

 

Combustion Products: When fuel is completely burnt, the carbon content in the 
fuel becomes carbon dioxide and the hydrogen gets converted to steam (water 
vapor), the sulfur content in the fuel becomes Sulphur dioxide. The nitrogen in the 

fuel remains as it is and is exhausted along with the combustion products.  

 

Combustion Efficiency: 

The term combustion efficiency measures the effectiveness of the combustion 
reaction. 

                                            Heat released during the combustion 

Combustion Efficiency  =   ----------------------------------------------------   

                                                  Heat contained in the fuel. 

The combustion efficiency can also be expressed in terms of utility of carbon dioxide 

of the fuel in the following way.  

                                           % Carbon dioxide in flue gas x 100 

 Efficiency  =  ------------------------------------------------------------------------------ 

                       % Carbon dioxide in flue gas for Stoichiometric air quantity                     

The inclusion of latent heat in the calculation of the efficiency gives the gross 
efficiency. 

 

Factors affecting Combustion 

1. Moisture content in the fuel should be low since it yields to in latent heat loss. 

2. The Sulfur content in fuel should be low, during combustion the sulphur converts 
to sulphur dioxide (SO2) which then converts to SO3 and further combines with 

water vapor to form sulfuric acid, which causes cold end corrosion. 

3. Efficiency increases with lowering in exhaust gas temperature and decreases with 
increase in air fuel ratio. 

4. Considerable fuel saving can be affected by preheating the combustion air with 
the help of Recuperator and Regenerator. 

Generally the air supplied to the combustion chamber is preheated which causes the 

following effects: 

a) Saving in fuel Consumption. 

b) Increase in flame Temperature. 

c) Improvement in Combustion 

d) Reduction in Initial heating time. 

e) Reduction in soot Deposits. 
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“Generally fuel loss due to soot is about two times that of scale. It is seen that the 
soot of 2mm thickness increases the fuel consumption by 32%”. 

We have seen that fuel and oxygen are essentially required for creation of fire. When fuel 
burns with bright flame and produces heat, it is called the combustion. For good 
combustion three entities, each spelt to begin with a “T”, are essential and they are 
‘Temperature’, ‘Time’ and ‘Turbulence’  
In order to ignite the fuel, it is to be heated to a required minimum Temperature. 
This temperature at which the fuel can catch fire is called the Ignition 

Temperature of the fuel. 

There should be sufficient Time for the combustible matter to react with oxygen and 
complete the process of chemical reaction of oxidation to take place.  

Finally to enable perfect burning, the fuel is to thoroughly get mixed with 

combustion air, where from it can get required oxygen. Unless the combustion air 
creates a sort of Turbulence this kind of molecule to molecule mixing can not take 
place.  
It is customary to call ‘Temperature’, ‘Time’ and ‘Turbulence” as “three Ts” 
necessary for efficient combustion”. A good contact between fuel particles and air is 
also necessary and hence some people consider ‘touch’ (Contact)’ as a fourth ‘T’ 

necessary for efficient combustion.  
 

Heat from combustion: 

We get the heat from fuel by burning them. We call it burning, which actually is a 
vigorous chemical reaction of primarily Hydrogen and Carbon constituents of fuel, 
which chemically reacts with oxygen and release enormous, exothermic heat energy. 

Two major ingredients of a majority of the fuels are Carbon and Hydrogen. Carbon 
burns to form Carbon-di-oxide and Hydrogen turns to water on reacting with 
Oxygen. In some fuel, like furnace oil, coal, etc., Sulphur is present in small 

percentage. Sulphur also reacts with Oxygen to become Sulphur-di-oxide, which is 
also an exothermic reaction 
Majority of the Fuels consist of Hydrogen gas as one of the constituents. When the 

combustion takes place, the Hydrogen (H2) in fuel burns to form moisture (H2O). 
The moisture produced, evaporates and rises, as superheated steam absorbing a 
part of the heat from the combustion of fuel. That is a part of the heat value of the 
fuel is spent in converting hydrogen into moisture and in evaporating and 
superheating. And the quantity of heat spent in this process is not available for any 

other useful purpose. 
GCV (Gross Calorific Value) is the gross or the total heat liberated by one 
kilogram or one cubic meter of fuel, when completely burned out to ash.   
Whereas NCV (Net Calorific Value) is  net of the  heat  liberated  per kilograms 
 or per  cubic  meter  of  fuel, after supply of the enthalpy necessary  to vaporize the 
steam formed by combustion of hydrogen in  the fuel. Here the enthalpy referred to 

is the heat absorbed for the evaporation of dry saturated steam at 288 K. 
Since Carbon, Hydrogen and Sulpur are the three constituents in fuel giving heat; 
GCV is the sum of total heat given by each of these constituents. 

Calorific value of Carbon is 8084 kcal/ kg  

That means, when 1 kg of Carbon reacts with Oxygen to become Carbon-di-oxide, 

total heat evolved will be 8084 kcal. 

Similarly, 

Calorific value of Hydrogen is 28922 kcal/ kg  

Calorific value of Sulfur is 2224 kcal/ kg  

Now in fuel, the three constituents are in different fraction. If we consider that C kg 

is Carbon fraction, H kg is the Hydrogen fraction and S kg is the Sulphur fraction in 
1 kg of fuel then, 
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GCV = 8084 C + 28922 {H-O/8} + 2224 S kcal/Kg 
 
Why Hydrogen fraction has been taken as H – O/8 kg? 
O kg is the mass of Oxygen in the fuel. When Oxygen is present in the fuel itself as 
one of the constituent, it will react with Hydrogen and consume part of Hydrogen, 

which will not be available during combustion. If we consider the chemical reaction: 
2H2 + O2 = 2H2O 
Which means 2 molecules of H2 will react with 1 molecule of O2 and become 2 
molecules of water. This we can also consider as  
2 x 6.023 x 1026 molecules (2 kmol) of H2 will react with 1 x 6.023 x 10

26 molecules 
(1 kmol) of O2 and become 2 x 6.023 x 10

26 molecules (2 kmol) of water 

Since the mass of kmol of these gases are the molecular masses in kg; 
4 kg of H2 will react with 32 kg of O2 and become 36 kg of water, or, 
1 kg of H2 will react with 8 kg of O2 and become 9 kg of water 

Therefore 1 kg of Oxygen will consume 1/8 kg of Hydrogen 
 
For NCV calculation, the moisture resulted (9H in kg) from the reaction of H2 and O2 
and the fraction of moisture already present (Mm in kg) as a constituent of fuel, will 
take away heat of evaporation at 15oC 
NCV = GCV – (Mm + 9H) x 589 kcal/ kg 

 
Example: A gaseous fuel has volumetric composition as CH4 – 70%, C2H6 – 26%, N2 
– 1%. The higher calorific values of these gases are given as: CH4 – 45000 kJ/ Nm

3 

and C2H6 – 70000 kJ/ Nm
3 

The estimated lower calorific value of this fuel would be: 
The calorific value of gaseous fuel is always expressed in terms of kcal or kJ/ nm3 or 

sm3.   
nm3 and sm3 denote 1 m3 volume at NTP and STP respectively.  
While calculating the calorific value of gas, it would be useful to remember that, at 

NTP, 1 kmol of any gas occupies 22.4 m3, which will be expressed as 22.4 nm3. 
For example, if some one wants to find out the Gross Calorific Value of CH4 
(Methane) in terms of kJ/ Nm3; 22.4 nm3 of CH4 have a mass of 16 kg (mass of 1 
kmol). Out of this, 12 kg mass is of Carbon and 4 kg is of Hydrogen.  
After complete combustion of this fuel, heat liberated by Carbon would be 12 x 
33800 = 405600 kg and that by Hydrogen would be 4 x 144000 = 576000. 

(Carbon and Hydrogen have heat value of 33800 kJ/ kg and 144000 kJ/ kg 
respectively) 
Total heat liberated after complete combustion of 22.4 nm3 of CH4 is 405600 + 
576000 = 981600 kJ.  
Therefore GCV of CH4 is 981600/ 22.4 = 43821.43 kJ/ nm

3 

In the given example, to find out the Lower Calorific Value, we have to first calculate 
the Gross Calorific value.  
This is easy! Heat value of the given fuel will be contributed as 70% by CH4 and 

26% by C2H6  
Therefore GCV of the fuel is 0.70 x 45000 + 0.26 x 70000 = 49700 kJ/ nm3. (1% N2 

is not contributing to heat value in any way) 

And LCV = GCV – Mm x 2466 kJ/ kg 
Where Mm is the mass in kg of H2O forming after the combustion of 1 Nm

3 of the 
fuel and 2466 kJ/ kg is the Enthalpy of evaporation at 15oC. 

To find out the Mm, we first have to see what reaction is taking place during 
combustion. 
CH4 + 2O2 = CO2 + 2H2O 
We can understand from the above equation that 1 molecule of CH4 will react with 2 
molecules of O2 and form 1 molecule of CO2 and 2 molecules of H2O, Or, 
We can write the above equation as 
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1 Nm3 of CH4 + 2 nm
3 of O2 = 1 nm

3 of CO2 + 2 nm
3 of H2O [Remember Avogadro’s 

principle - equal number of molecules will occupy equal volume under similar 
temperature and pressure condition; in this case which is NTP] 
Therefore H2O generated from the reaction of 0.70 nm

3 of CH4 = 0.70 x 2 = 1.4 nm
3 

Again the other constituent of the fuel C2H6 will react as 

2C2H6 + 7O2 = 4CO2 + 6H2O 
 
From the above equation, we understand that 1 nm3 of C2H6 will produce 3 nm

3 of 
H2O  
Therefore H2O generated from the reaction of 0.26 nm

3 of C2H6 = 026 x 3 = 0.78 
nm3. 

Total volume of Mm = 1.40 + 0.78 = 2.18 nm3. 
We know that mass of 22.4 nm3 of H2O = 18 kg (mass of 1 kmol) 
Therefore Mm = 2.18 x 18/ 22.4 = 1.75 kg 

LCV of the fuel = 49700 kJ/ nm3 – 1.75 x 2466 = 45384.5 kJ/ nm3 
 

For solid and liquid fuels, 

HGCVNCV ×−= 5.52  

Where, GCV = Gross Calorific Value 

            NCV = Net Calorific Value in Kcal/Kg 

                 H = % of total hydrogen of coal, including hydrogen of moisture content. 

For Gaseous fuels 

VGCVNCV ×−= 7.4  

Where V = Volume % of total hydrogen of gaseous fuel including the hydrogen 
obtained from    other combustible components and also water vapor in gas. 

Formula for the calculation of the calorific value of coal:  

 

Table 1: Calorific value of fuels 

APPROX 

HEATING 

VALUE 

KCAL/KG 

SR  FUEL  

Dry 

state 

A  BIOMASS   

1  Wood  3500 

2  Cattle dung  3700 

3  Bagasse  4400 

4  Wheat and rice straw  2500 

5  Cane trash, rice husk, leaves and vegetable wastes  3000 

6  Coconut husks, dry grass and crop residues  3500 

7  Groundnut shells  4000 

8  Coffee and oil palm husks  4200 

9  Cotton husks  4400 

10  Peat  6500 

B  FOSSIL FUELS   

1  Coal  4000-7000 

2  Coke  6500 

3  Charcoal  7000 
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4  Carbon  8000 

5  Fuel oil  9800 

6  Kerosene and diesel  10000 

7  Petrol  10800 

8  Paraffin  10500 

9  Natural gas  8600 

10  Coal gas  4000 

11  Electrical (Kcal(KW)  860 

12  Bio gas(Kcal/cu mtr) (12 kg of dung  produces 1 m3 gas)  4700-6000 

 

Table 2: Fuel Handling Considerations 

FUEL ACTION REQUIRED AND CARE TO BE TAKEN 

OIL  

 

• Keep proper check on the grade of Fuel been received 

• Do regular testing of Fuel in lab 

• Maintain record of, during which period, fuel grade is inferior 

• Issue notices to the Fuel purchase Dept. and the persons responsible 

• Keep proper check on the quantity of Fuel been received 

• Keep a check on the Deviation Report 

• Maintain proper reports of Fuel delivery 

• List down the period and persons responsible for shortages 

• Issue notices and take action against persons and Dept. responsible for 
shortages and spillage  

• Warning to Contractor  

• Warning to Driver 

• Avoid contact of Fuel with water and keep the joints sealed 

FUEL ACTION REQUIRED AND CARE TO BE TAKEN 

COAL
  

 

• Keep proper check on the grade of Fuel been received 

• Keep proper check on the Moisture % and the Bulk Density of Fuel  

• Do regular testing of Fuel in lab 

• Maintain record of, during which period, fuel grade is inferior  

• Do regular testing of Fuel in lab 

• Maintain record of, during which period, fuel grade is inferior 

• Issue notices to the Fuel purchase      

• Dept. and the persons responsible 

• Keep proper check on the quantity of Fuel been received 

• Keep a check on the Deviation Report 

• Maintain proper reports of Fuel delivery 

• List down the period and persons responsible for shortages 

• Issue notices and take action against persons and Dept. responsible for 
shortages ·  

• Warning to Contractor·  

• Warning to Driver 

• Keep the fuel under shed just before firing and avoid contact with water 

• Store the fuel on hard and even surface to avoid Carpet Losses 
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Calculation of Air: 
Stoichiometric combustion of a fuel is defined as the process of complete combustion 
to the products of combustion with evolution of heat. One of the most important 
aspects in combustion of fuel is to achieve complete combustion of the fuel. 
Complete combustion is achieved when all molecules of C, H2 and S in fuel get fully 

oxidized and become CO2, H2O and SO2 respectively, releasing the total heat value 
of these constituents. 
The theoretical amount of air required to achieve complete combustion is known as 
stoichiometric air. To calculate the amount of this air, we first need to go through 
various chemical reactions that are taking place during combustion. 
a) Carbon to carbon dioxide (Complete combustion) 

C+O2=CO2; which means  
12 kg C + 32 kg O2 = 44 kg CO2, or, 
1 kg C +2.67 kg O2=3.67 CO2  

1 kg of Carbon needs 2.67 kg of oxygen to produce 3.67 kg of carbon dioxide. 
 

b) Carbon to carbon monoxide (Incomplete combustion) 
2C+O2 = 2CO + 2430 kcal per kg of carbon, or, 
24 kg C + 32 kg O2 = 56 kg CO or,  
1 kg C+1.33 kg O2 = 2.33 kg CO + 2430 kcal 

i.e. 1  kg of carbon will require 1.33 kg of oxygen and produces 2.33  kg  of CO, 
and more importantly evolves only 2430 kcal per kg of carbon burnt. 
 

c) Hydrogen to Water 
2H2 + O2 = 2H2O, or, 
4 kg H2 + 32 kg O2 = 36 kg H2O, or, 

1 kg H2 + 8 kg O2 = 9 kg H2O 
 

d) Sulphur to Sulphur di-oxide 
S + O2 = SO2  
32 kg S + 32 kg O2 = 64 kg SO2  
1 kg S + 1 kg O2 = 2 kg SO2  
i.e. 1  kg of S needs 1 kg of O2 and produces 2 kg of SO2. 
 

Now if we consider 1 kg of fuel with C kg of Carbon, H kg of Hydrogen, S kg of 

Sulphur and O kg of Oxygen, amount of Oxygen required for complete combustion 
of  
this fuel would be (2.67C + 8H + S – O) kg per kg of fuel. Here the quantity of 
Oxygen which is already present in the fuel will not be required to be taken from 
atmospheric air. 

Quantity of Oxygen available in atmospheric air is considered to be 23% by mass 
and remaining 77% by mass of Nitrogen. Thus the theoretical minimum air required 
for complete combustion can be found from this formula, which is also known as the 

Dulong’s Formula, which states 
Ta = (2.67C + 8H + S – O) x 100/ 23 kg per kg of fuel.  
 

Flue gas Composition: 
It has been seen from the above discussion that an adequate supply of oxygen is 
essential for complete combustion. If the combustion is complete then and then only 

maximum heat is available from a given fuel. The theoretically exact amount of 
oxygen required can be calculated with the help of Dulong’s combustion equations. 
But the assumption that the air or oxygen just equal to the theoretical amount will 
lead to Stoichiometric combustion presupposes ideal conditions. In practice air or 
oxygen in excess of the theoretical amount has to be supplied to approach 
conditions of Stoichiometry. This leads to the Excess Air factor, which is defined as 

the percentage of air required in excess of the theoretical minimum air for complete 
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combustion. You should note that the amount of Oxygen coming with the excess air 
will not be physically consumed but it would ensure that all molecules of C, H and S 
would be fully oxidized evolving maximum heat. Therefore after complete 
combustion, the same amount of Oxygen would be present in the flue gas as free 
Oxygen. 

The quantity of Excess Air is one of the most important aspects in optimizing the 
combustion efficiency. If you provide less than optimum excess air, you are sure to 
lose because of incomplete combustion. But again, if you provide more air than what 
is needed, it will add up to your stack loss, which is the largest as we will see during 
performance analysis of boiler and furnace. 
 

Example: The fuel supplied to a petrol engine may be assumed to be gasoline 
having the formula C8H18.  
If the fuel is burnt with 50% excess air, the mass percentage of CO2 in the exhaust 

would be 
 
For calculation purpose we can consider when a fuel is burnt with proper excess air, 
CO will not be there in the exhaust.  
We first need to find out the percentage composition by mass of the given fuel. 
1 kmol of C8H18 would have a mass of 8 x 12 + 18 x 1 = 114 kg. 

Out of which Carbon is 96 kg; or 100 x 96/ 114 = 84.21%, and similarly 
Hydrogen is 18/ 114 = 15.79% 
Therefore in 1 kg of gasoline; 

Carbon would be 0.8421 kg and  
Hydrogen would be 0.1579 kg 
Minimum theoretical air required from Dulong’s formula would be 

(2.67 x 0.8421 + 8 x 0.1579) x 100/ 23 = 15.27 kg/ kg of fuel 
Since the combustion is taking place with 50% excess air,  
Excess Air = 0.50 x 15.27 = 7.63 kg/ kg of fuel 

Actual Air = theoretical air + excess air = 15.27 + 7.63 = 22.90 kg/ kg of fuel 
Now what information the above gives to us so far as combustion products are 
concerned? 
�No CO - the total mass of Carbon in fuel will become CO2 
�Total mass of Nitrogen in the Actual Air will be available in the exhaust 
�Total mass of Hydrogen in fuel will become H2O 

�Whatever amount of Oxygen is coming with the excess air will remain in the 
exhaust. 

 
Let us find out the mass composition of the combustion product of 1 kg of C8H18  
1. Carbon becomes CO2 as per the following reaction 

C+O2=CO2; which means  
12 kg C + 32 kg O2 = 44 kg CO2, or, 
1 kg C +2.67 kg O2=3.67 CO2  

1 kg of Carbon needs 2.67 kg of oxygen to produce 3.67 kg of carbon dioxide. 
0.8421 kg of Carbon will become 3.67 x 0.8421 = 3.09 kg of CO2 
 

2. Hydrogen will become H2O as per the following reaction 
2H2 + O2 = 2H2O, or, 
4 kg H2 + 32 kg O2 = 36 kg H2O, or, 

1 kg H2 + 8 kg O2 = 9 kg H2O 
1 kg of Hydrogen produces 9 kg of H2O 
0.1579 kg of Hydrogen will become 9 x 0.1579 = 1.42 kg of H2O 
 
Considering the air composition as Nitrogen and Oxygen in the ratio of 77:23 on 
mass basis, 

3. Nitrogen in Actual Air = 22.90 x 0.77 = 17.63 kg 
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4. Oxygen in Excess Air = 7.63 x 0.23 = 1.75 kg 
 
Total mass of combustion product becomes 3.09 + 1.42 + 17.63 + 1.75 = 23.89 kg 
 
CO2 percentage in exhaust by mass = 100 x 3.09/ 23.89 = 12.93% 

 
Relation between volume and mass: 
One very important aspect of combustion one needs to understand is the relation 
between mass of constituents in the fuel and air and the volume of constituents in 
the flue gas. The ultimate analysis of fuel gives you the fuel composition on mass 
basis. The theoretical air and the excess air are also considered on mass basis. 

Whereas the flue gas analysis is done on volumetric basis. These may lead to some 
confusion in correlating the combustion constituents (in fuel and air) with the 
combustion product (flue gas). For example, we do not get an idea about the 

percentage excess air, when someone measures percentage of Oxygen or CO2 in the 
flue gas. 
Conversion from volumetric to mass basis composition always helps to understand 
such relation.  
 
Example: In a boiler, the dry flue gases analysis by volume was reported as  

CO2 =13%, CO=0.3%, O2=6%, N2 = 80.7%  
The mass percentage of CO2 in the flue gas is               
 

In the given example, the volumetric analysis indicates in 1 m3 of this flue gas, CO2 
is 0.13 m3, CO is 0.003 m3, O2 is 0.06 m

3 and N2 is 0.807 m
3. 

We have to remember the Avogadro’s law here, which states that under same 

temperature and pressure condition, equal number of molecules of any gas would 
occupy equal volume. 
According to this law, since all the flue gas constituents like, CO2, CO, O2 and N2 are 

at the same pressure and temperature condition, their volumetric proportion and 
molar proportion would be same.  
 
Which means, in 1 kmol of the flue gas, CO2 would be 0.13 kmol, CO would be 0.003 
kmol, O2 would be 0.06 kmol

 and N2 would be 0.807 kmol. 
Or, on the mass basis, in 1 kmol of the flue gas 

CO2 would be 0.13 x 44 kg = 5.72 kg (mass of 1 kmol of CO2 is 44 kg) 
CO would be 0.003 x 28 kg = 0.084 kg (mass of 1 kmol of CO is 28 kg) 
O2 would be 0.06 x 32 kg = 1.92 kg (mass of 1 kmol of O2 is 32 kg) 
N2 would be 0.807 x 28 kg = 22.6 kg (mass of 1 kmol of N2 is 28 kg) 
And mass of 1 kmol of this flue gas would be (5.72 + 0.084 + 1.92 + 22.6) 30.32 

kg 
Therefore percentage composition of CO2 by mass in the flue gas would be  
100 x 5.72/ 30.32 = 18.87% 

 
In the previous example, if coal analysis by mass was reported as: 
C = 62.4%, H2 = 4.2%, O2 = 4.5%, moisture = 15% & ash=13.9% 

The mass of air actually supplied per kg of coal would be 
 
If we refer the previous example, and the coal sample analysis, one thing becomes 

quite apparent that total mass of Carbon in the mass of CO2 and CO has come only 
from the mass of Carbon in coal. Again since the coal sample analysis doesn’t show 
any N2, total mass of N2 in the flue gas has to come from the mass of N2 in air only.  
Now mass of CO2 is 5.72 kg in 30.32 kg of flue gas, so mass of CO2 per kg of flue 
gas is 5.72 / 30.32 = 0.187 kg per kg of flue gas 
Similarly CO would be 0.084 / 30.32 = 2.77 x 10-3 kg per kg of flue gas 

From the molecular weight proportion, mass of Carbon would be 
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In CO2 = 0.187 x 12/44 = 0.051 kg per kg of flue gas 
In CO = 2.77 x 10-3 x 12/28 = 1.19 x 10-3 kg per kg of flue gas 
Total mass of Carbon = 0.051 + 1.19 x 10-3 = 0.052 kg per kg of flue gas 
 
Now, from the coal analysis Carbon mass in fuel is 0.624 kg per kg of coal 

Therefore mass of flue gas generating per kg of coal would be 0.624/ 0.052 = 12 kg 
 
Referring the quantities found in the previous example, N2 per kg of flue gas is 22.6/ 
30.32 = 0.745 kg per kg of flue gas. Therefore total N2 in 12 kg of flue gas 
(generating per kg of coal) is 12 x 0.745 = 8.94 kg per kg of coal. 
 

Since the total mass of N2 has come from air, total mass of air supplied  
= 8.94 x 100/ 77 = 11.61 kg per kg of coal 
 

Calculation of Excess Air: 
To calculate heat loss with dry flue gas through stack, we need to know the mass of 
dry flue gas. Since we do not want incomplete combustion and resulting CO loss in 
flue gas, we are adding adequate excess air. It should be always kept in mind that 
while countering CO loss, excess air also increases the mass of dry flue gas and 
therefore contributes to the major heat loss.  

 

As an energy manager, our primary responsibility 
is to ensure that optimum air is supplied for the 
combustion. The optimum excess air level should 

be worked out by keeping the sum of loss due to 
incomplete combustion and dry flue gas loss to a 
minimum. The combustion efficiency will increase 
with increased excess air, until the heat loss in 
the excess air is larger than the heat provided by 
more efficient combustion. 

 

Excess air control can be done by monitoring O2, CO2 and when large quantity of 
fuel is used then CO. 
Carbon dioxide content in the flue gas is an important indication of the combustion 

efficiency and we are controlling combustion by monitoring CO2 percentage in the 
flue gas. 
An optimal content of CO2 after combustion is approximately 12-13% for bituminous 

coal, 10 - 11% for natural gas, and approximately 13 - 14% for light oils. 
From the CO2% monitored in the flue gas, and the chemical analysis of the fuel, we 
can calculate and adjust the excess air and therefore control the mass of dry flue 
gas. 
We have seen in the combustion chapter that if excess air percentage and fuel 

analysis is known, we can find out the mass of dry flue gas. 
If there is no Sulphur in the fuel, then excess air can be found out from CO2% from 
the following relation: 
% Excess air supplied (EA) = 7900 x [(CO2%)t - (CO2%)a] / (CO2%)a x 
[100 - (CO2%)t ] 
 

Here (CO2%)t is the % theoretical CO2 on dry volume basis in the flue gas, and 
(CO2%)a is the % actual CO2 on dry volume basis in the flue gas 
 

In order to find out the theoretical CO2, we have to consider complete combustion is 
taking place with the theoretical air only. Considering no Sulphur in fuel, the total 
dry flue gas consists of only N2 from theoretical air and CO2 from the Carbon in fuel 

Again, from the reaction C + O2 = CO2, we can see that for every kmol of Carbon, 
there is one kmol of CO2 in the flue gas, 
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% theoretical CO2 on dry volume basis; (CO2%)t = kmol of C/ (kmol of N2 + 
kmol of C) 
 
kmol of C = mass of Carbon per kg of fuel/ 12 (molecular mass of Carbon) 
kmol of N2 = 0.77 x mass of theoretical air / 28 (molecular mass of Nitrogen) +  

Mass of Nitrogen per kg of fuel/ 28 (in case of Nitrogen in fuel analysis) 
 
After we calculate % Excess air supplied (EA) as shown above, we have to first 
calculate mass of Actual Air = (1 + EA/100) x Theoretical Air. 
We know that the mass of theoretical air can be calculated from the Dulong’s 
Formula: 

(2.67C + 8H + S - O) x 100/ 23 
 
Now the dry flue gas would consist of: 

Nitrogen from the actual air + Nitrogen from fuel + CO2 from combustion of 
fuel + O2 from excess air 
� Nitrogen from the actual air = 0.77 x mass of actual air 
� Nitrogen from fuel = mass of N2 from fuel analysis 
� CO2 from combustion of fuel = 3.67 x mass of Carbon from fuel analysis 
� O2 from excess air = 0.23 x mass of excess air 

 
In case of Sulphur present in the flue gas, we need to calculate the mass of excess 
air from % of O2 in the flue gas from the following relation: 

% Excess air supplied (EA) = (O2 x 100) / (21 - O2) 
 
The recommended excess air for various fuels is shown below: 

 

Table 2: Recommended Excess Air 

FUEL Excess Air 

Recommended 

OIL  15% 

COAL 25% 

NATURAL GAS 10% 

DRY BAGASSE 30% 

WET BAGASSE 45% 

 

Flue gas analysis: 

While selecting sample points for flue gas analysis, take care of the following points: 

• Choose a point close to the furnace exit 

• Avoid sampling at points of air infiltration 

• Avoid sampling at dead pockets like bends or immediately downstream of 
dampers 

• Use the same point where exit temperature in measured for heat balance 
calculations. 

• Take care that the atmospheric air does not enter in the sample collecting bag 
while taking the sample 

• Remove air present in the pipe by pumping before actually taking the sample 

 

The portable analyzer uses the chemical absorption method. It is quite handy and 
simple to operate. A sample of flue gases is sucked or aspirated through a filter into 

the analyzer containing caustic soda solution. The change in volume is directly read 
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off on a calibrated scale in terms of percentages of carbon dioxide. The Orsat 
apparatus, though fairly accurate, is bulky and needs a skilled operator. A similar 
apparatus for measuring oxygen using a solution of alkaline pyrogallol is also 
available. 

 

Combustion Control 

Combustion control satisfies the firing rate demand by supplying both air and fuel at 
the optimum air/fuel ratio. If excess air is present, energy is lost heating the excess. 

More fuel must be burned to meet the firing rate demand. If insufficient air is 
present, then not all fuel is completely burned. Again, more fuel is required in order 
to satisfy the energy requirement. Both of these conditions result in reduced boiler 
efficiency. 

A fuel rich combustion mixture is a hazardous condition. If it suddenly mixes with a 
stream of fresh air, it may auto-ignite resulting in an explosion. Modern control 

systems monitor fuel and air flow and insure that sufficient air is always present. 

The following case studies illustrates some of the saving opportunities in a boiler. 

 

Case Study-1: Reduction of unburnt carbon in Ash by changing grinding 
elements in a Pulverised Coal Fired Boiler 

This is a case study from a captive power plant boiler. HP boiler -5 & 6 operates at 

60 ata pressure and rated capacity of 120 TPH. 

During the energy audit, the efficiency of HP boiler-6 was found to be an average of 
86% (Varying between 84.5 and 87.5%). Efficiency of HP Boiler-5 was found to be 

88.5%( variation of 87 to 90%), on an average. Two out of three grinding elements 
of HP boiler-6 was replaced after the energy audit and measurements were repeated 
to evaluate the improvement in performance. Similarly 2 nos grinding elements of 
HP boiler-5 was also replaced. 

Samples of fly ash and bottom ash were collected to measure the unburnt carbon in 
ash so that direct comparison can be made with the unburnt carbon in ash before 
and after the grinding elements were changed. 

The following table shows the unburnt carbon in ash, heat loss due to unburnt 
carbon and overall boiler efficiency, before and after the change of grinding 
elements. 

Table -4: Comparison of boiler performance 

 Before 

modification 

After 

modification 

HP Boiler-6   

Steam flow 98.73 TPH 95.2 TPH 

Unburnt carbon in fly ash 10.8% 5.21% 

Heat loss due to unburnt carbon in fly 
ash 

4.67% 2.25% 

Unburnt carbon in bottom ash 27.06% 5.44% 

Heat loss due to unburnt carbon in 

bottom ash  

2.93% 0.59% 

   

Total  losses due to unburnt carbon 7.6% 2.84% 

   

HP Boiler-5   

Steam flow 96.38 TPH 99.6 TPH 
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Unburnt carbon in fly ash 10.0% 5.83% 

Heat loss due to unburnt carbon in fly 

ash 

4.52% 2.63% 

Unburnt carbon in bottom ash 15.4% 4.68% 

Heat loss due to unburnt carbon in 
bottom ash  

1.74% 0.53% 

   

Total  losses due to unburnt carbon 6.26% 3.16% 

 

Comments: 

1. The replacement of grinding elements has resulted in loss reduction, very 
significantly. Unburnt carbon around 5% is expected in ash. Total loss due 
to unburnt carbon varies between 2.8 to 3.2%, which is good. 

2. HP Boiler-5 efficiency has increased from 88.5% to 90.5%.  

3. HP Boiler-6 efficiency has increased from 86% to 89.5% 

Total investment for changing grinding elements was Rs 5.0 lakhs per boiler. Energy 

cost saving in HP boiler-5 was Rs 73.5 lakhs/year and for HP boiler-6, the saving 
potential was Rs 1.2 Crores/year. 

 

Case Study-2: Control of excess air by Installing O2 monitoring system. 

During the energy audit,  there was no indication of %O2 in flue gases of this 
Fluidised bed boiler of 120 TPH capacity. Without this, optimisation of efficiency of 
boilers is impossible, especially when quality of coal and boiler load also changing. 

Measurements indicated that %O2 in flue gas was maintained at 13.7%. Plant 
personnel clarified that bringing %O2 levels below this would mean improper 

fluidization in the boiler, which may lead to higher unburnt in bottom and fly ash. 
Trials were conducted by gradually reducing the airflow, by changing IGV settings 
and %O2 maintained at 11%. 

The following table 8 summarises the overall effect of O2 monitoring control  

Table 5: Effect of O2 control on Boiler performance 

Parameter Before 
modification 

After installing O2 
monitoring & 
control system 

%O2 13.7 11 

Excess air, % 189.6 100 

Boiler efficiency, % 79.1 83.5 

FD Fan airflow, Nm3/h 264607 127558  

ID Fan airflow, Nm3/h 317528 153069 

 

Annual hours of operation HP-1 boiler = 4350 hours (last years’ data) 

Average steam generation = 73.6 TPH (average during trials) 

Annual saving in fuel input =  

hoursoperatingAnnual
EffEffcoalofGCV

steamofEnthalpyflowsteam
×







−×

×

2

1

1

1
 

Where Eff1 = Existing efficiency of boiler 

 Eff2 = Efficiency of boiler after modifications in control 
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Annual saving in fuel input = 4350100
5.83

1

1.79

1

3825

6396.73
××








−×

×
 = 3550 Tonnes per 

year. 

Price of Coal  = Rs 1000/ Ton 

Annual monetary saving  = 3550 x 1000 = Rs 35,50,000/year 

Investment required for an oxygen analyser and accessories was about Rs 5 lakhs. 

Payback period, on boiler efficiency improvement alone, was found to be about 2 
months. 

Additionally , it was recommended to install VFDs on the ID & FD fans. However, the 

motors being 6.6 kV motors, the price of VFD was a constraint to make any 
economic sense, as payback period for additional saving was more than 5 years. 

 

Case Study-3: Improving boiler loading in a Stoker fired boiler 

The design capacity of the boiler was 60 TPH. This is a traveling grate type stoker 
boiler. Due to the poor quality of coal, the operators were unwilling to load this 

boiler more than 25 TPH, as they felt that more coal on the grate would cause 
severe problems in maintaining stable conditions and increase clinker formation. The 
%O2 in flue gases was found to be 14%, which is very high. 

 

For a demand of 50 to 60 TPH steam in process, they were operating 2 nos such 
boilers.  

 

The problem in coal firing was uneven distribution of coal in the grate, and not 
enough man power to attend the problems and rectify immediately. A trial was 
taken to operate only one boiler to cater to a demand of 54 TPH, with proper control 
of coal feeding. The %O2 was reduced to 9%, without any change in IGV position.  

The boiler efficiency was found to increase from 66.5% to 69%. Annual fuel cost 

saving was R 20.0 lakhs, with out any investment in hardware. The productivity was 
improved by more trained personnel focusing on one equipment, rather than 
attending to two boilers. 

 


