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Toolbox 5 

FUELS, COMBUSTION AND ENVIRONMENTAL IMPACT 

 

1. Fuel is, technically speaking, a substance which can chemically react with oxygen (in the 

first place from the air) and produce heat energy. It can be found in large quantities in nature, 

it can be transported and stored, it has an acceptable price, and the products of its chemical 

processes pollute the environment within reasonable limits. Its natural substances are of 

organic origin with more or less combustible parts. 

 Fuel may be solid, liquid or gaseous, and either commercial or waste. Commercial fuels 

are fossil fuels which are extracted and treated/refined to varying degrees and sold 

nationwide by authorized organizations. Waste fuels are the by-products or adjuncts of 

processing or domestic activities and are, obviously, only economically available locally. 

 Each conventional fuel differs from the others in its combustion characteristics, and this 

influences heat transfer. Factors other than simple conversion to heat must also be 

considered, including those relating to the storage and handling of fuels, maintenance, 

environmental impact, etc. All these influence the overall efficiency and true cost of burning 

fuel. 

 The most important fuel elements are carbon and hydrogen, and most fuels consist of 

these and sometimes a small amount of sulfur. Fuel may contain some oxygen and small 

quantities of incombustibles (water vapor, nitrogen and/or ash). 

 

2. The analysis of a sample of fuel is given on one of two bases: 

 The ultimate chemical analysis determines the mass percentage of carbon (C), 

Hydrogen (H), Oxygen (O), Nitrogen (N), Sulfur (S), ash and water in fuel. For 

gaseous fuels, chemical analysis determines the volume percentage of Methane 

(CH4), Ethane (C2H6), Propane (C3H6), Butanes plus (includes butane and all 

heavier hydrocarbons) (C4H8), Ethene (C2H4), Benzene (C6H6), Carbon Monoxide 

(CO), Hydrogen (H2), Nitrogen (N2), Oxygen (O2), and Carbon Dioxide (CO2). In 

this textbook only the ultimate analysis is used. 

 The proximate analysis determines the mass percentage of volatiles, ash and fixed 

Carbon.  

 

3. When heating solid fuel without the presence of air (oxygen), it decomposes into products 

like gas and vapor – volatiles and solid residue – coke. The volatiles involve: H2, CO, 

hydrocarbons CnHm (combustible gases) and also N2, O2, CO2, H2O (incombustible gases).  
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 The manner of combustion in furnaces greatly depends on volatiles. Fuels which when 

decomposed have large contents of volatiles require large a volume of furnace (combustion in 

chambers). With small volatiles content, fuel combusts at the furnace grade (combustion in 

layers). 

 Fuels with large contents of volatiles are ignited more easily at lower ignition 

temperatures. For fuels with small contents of volatiles, high ignition temperatures are 

needed.  

 

4. The name of the element and the symbol of the combustible parts of fuel are: 

 Carbon (C) 

 Hydrogen (H2) 

 Carbon Monoxide (CO) (technical gases only) 

 Sulfur (S) 

 The incombustible parts of fuel are: 

 Nitrogen (N2) 

 Oxygen (O2) 

 Carbon Dioxide (CO2) 

 Moisture (H2O) 

 Minerals  (a) (in a combustion process they form ash which has to be removed) 

For liquid and solid fuels it is: 

 

]kg/kg[1awnoshc F  (5.1) 

 

where: 

 c = Mass of Carbon per 1 kilogram of fuel 

 h = Mass of Hydrogen per 1 kilogram of fuel 

 s = Mass of Sulfur per 1 kilogram of fuel 

 o = Mass of Oxygen per 1 kilogram of fuel 

 n = Mass of Nitrogen per kilogram of fuel 

 w = Mass of Water per 1 kilogram of fuel 

 a = Mass of Mineral matters per 1 kilogram of fuel 

 For gaseous fuels it is: 

 
3
nF

3
n

3
F

3
222266428483624 m/m;m/m1COONHCOHCHCHCHCHCCH  (5.2) 

 

where: 

CH4 = Volume of Methane per 1 cubic meter of fuel 

C2H6 = Volume of Ethane per 1 cubic meter of fuel 

C3H6 = Volume of Propane per 1 cubic meter of fuel 

C4H8 = Volume of Butanes plus per 1 cubic meter of fuel (Includes all heavier 

hydrocarbons too) 

C2H4 = Volume of Ethene per 1 cubic meter of fuel 

C6H6 = Volume of Benzene per cubic meter of fuel 

CO = Volume of Carbon monoxide per 1 cubic meter of fuel 

H2 = Volume of Hydrogen per 1 cubic meter of fuel 

N2 = Volume of Nitrogen per 1 cubic meter of fuel 

O2 = Volume of Oxygen per cubic meter of fuel 

CO2 = Volume of Carbon dioxide per 1 cubic meter of fuel 
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 kmol
4.22

1
)metercubicnormal(m1 3

n  is the weight of gas whose volume is 1 m
3
 at normal 

condition (0 
o
C = 273.15 K and 1.0325 bar). )metercubicdardtans(m1 3

s  is frequently used 

and  is the weight of gas whose volume is 1 m
3
 at standard condition (15 

o
C = 288.15 K and 

1.01325 bar).  

 The above quantities are related as follows: 

 

3
s

3
n m64.23

15.273

15.288
4.22m4.22kmol1  (5.3) 

 

5. Fuel ash, in addition to representing impurity and reducing the combustible part, has a 

negative impact on boilers because it forms slag (by the hardening of melted ash at the 

operational parts of the boiler structure). Because of that, it is very important to know the 

temperature of the softening and melting of ash. Ash is difficult to melt if its melting 

temperature is > 1400 
o
C, medium meltable is at 1200–1400 

o
C and easily melted at 

temperatures < 1200 
o
C.  

 One portion of ash in the form of small grains of the size 2–3 mm is carried away by the 

stream of gases from the boiler furnace. This ash settles on heating surfaces and worsens heat 

transfer.  

 The content of the ash in the wet part of solid fuel is from 1 % to several percentage 

points. In liquid fuels, the content of ash is insignificant (0–0.3%). 

 

6. Fuel moisture can be as follows: 

(a) Outside (rough) combines with fuel at extraction, transportation and storage. It is 

easily removed by drying.  

(b) Hygroscopic, mainly absorbed by organic portions of fuel.   

(c) Constitutional (crystal water of molecule of some compounds in ash). 

 The content of moisture in solid fuels varies from 4 % (coke) to 55 % (some brown and 

peat coals). In liquid fuels, moisture is an incidental admixture of water when transported and 

stored. In gaseous fuels, moisture occurs in the form of steam whose boundary contents 

depend on the temperature and pressure of fuel. Under certain conditions, steam can be 

saturated and excess steam condensed in gaseous fuel.  

 From the energy point of view, moisture is a harmful admixture of all types of fuel. . 

 

7. The relative atomic and molecular masses of some fuel common substances are given in 

Tables 5.1 and 5.2, respectively. 

 

Table 5.1: Relative Atomic Mass (Rounded) of Some Elements 

Name of Element Symbol Relative Atomic Mass 

Oxygen O 16 

Nitrogen N 14 

Hydrogen H 1 

Carbon C 12 

Sulfur S 32 
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Table 5.2: Relative Molecular Mass (Rounded) of Some Substances 

Name of Substance Symbol Relative Molecular Mass 

Oxygen O2 32 

Nitrogen N2 28 

Hydrogen H2 2 

Water/Steam H2O 18 

Carbon dioxide CO2 44 

Carbon monoxide CO 28 

Sulfur dioxide SO2 64 

 

 The atomic and molecular masses of elements and substances are the ratio of the 

particular mass of the atom or molecule and 1/12 of the isotope of carbon. The molar mass, 

M, can be taken to be numerically equal to the relative molecular mass for engineering 

purposes. The molar mass has the unit [kg/kmol].  

 Composition by mass of gaseous fuel can be calculated if composition by volume of fuel 

is known by using the following procedure: 

 Molar mass of gaseous fuel (molar masses of substances are rounded): 

 

2222

664210483624F

CO44O32N28H2CO28

HC78HC28HC58HC44HC30CH16M
 (5.4) 

 

 Composition by mass of gaseous fuel is: 

F664210483624

F

kg/kg)HC6HC2HC4HC3HC2CH(
M

12
c  (5.5) 

F6642104836242

F

kg/kg)HC3HC2HC5HC4HC3CH2H(
M

2
h  (5.6) 

F2

F

kg/kgN
M

28
n  (5.7) 

F

F

kg/kgCO
M

28
)'CO(  (5.8) 

F2

F

2 kg/kgCO
M

44
)'CO(  (5.9) 

)fuelsgaseousfor(0s  (5.10) 

F2

F

kg/kgO
M

32
o  (5.11) 

 

 Knowing the molar mass of gaseous fuel, the following useful values of gas can also be 

found: 

– Specific gas constant: 

 

]kg/J[
M

8314
R

F

F  (5.12) 

 

– Density of gaseous fuel at 0 
o
C and 1.01325 bar (normal condition): 

 



Part III – Toolbox 5: 

FUELS, COMBUSTION AND ENVIRONMENTAL IMPACT 
 5 

 

 5 

]m/kg[
4.22

M 3
n

F
n  (5.13) 

 

– Density of gaseous fuel at 15 
o
C and 1.01325 bar (standard condition): 

 

]m/kg[
15.288

15.273 3
sns  (5.14) 

 

Besides the elementary content of fuel it is also necessary to know its calorific value.  

 

8. The Gross Calorific Value (GCV) is used to designate energy transferred as heat to the 

surroundings per unit quantity of fuel when burned at constant volume (for solid and liquid 

fuels) or at constant pressure (for gaseous fuels) with the H2O product of combustion in the 

liquid phase. Gross Calorific Value (GCV) is sometimes called the Higher Calorific Value or 

Higher Heating Value). 

 If H2O products are in the vapor phase, the energy released per unit quantity of fuel is 

designated as Net Calorific Value (NCV). Net Calorific Value (NCV) is sometimes called 

the Lower Calorific Value). 

 In practice, heat transferred for combustion of fuel is measured experimentally either at 

constant volume for solid and liquid fuels or at constant pressure for gaseous fuels. 

 If there are no experimental data for GCV and NCV, they can be easily calculated by 

using the following formulae: 

 Solid and liquid fuels 

 

]kg/MJ[w5.2s5.10
8

o
h0.117c9.33NCV F  (5.15) 

]kg/MJ[)wh9(5.2NCVGCV F  (5.16) 

 

 Gaseous fuels 

 

100/)HC140.342+HC59.955+HC+123.552

 HC93.575HC64.351+CH35.797+CO12.644H10.76(NCV

6642104

836242
 (5.17) 

100/)HC146.371+HC64.016+HC+134.019 

HC101.823+HC70.422+CH39.858+CO12.644H12.77(GCV

6642104

836242
 (5.18) 

 

The calorific values of some basic fuels are shown in Table 3 and some combustible gases in 

Table 5.4. 

 

Table 5.3: Calorific Values of Some Basic Fuels 

Unit Carbon 
Carbon 

Monoxide 

Hydrogen 
Sulfur 

Gross Net 

MJ/kmol 393.6 283.1 286.0 240.8 296.6 

MJ/kg 32.74 10.11 142.0 119.6 9.26 

MJ/mn
3
 17.56 12.64 12.77 10.75 13.24 
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Table 5.4: Calorific Values of Some Gases 

Name Formula 
GCV 

kJ/mn
3
 

NCV 

kJ/mn
3
 

Methane CH4 39858 35797 

Ethane C2H6 70422 64351 

Propane C3H8 101823 93575 

n-Butane C4H10 134019 123552 

Ethene C2H4 64016 59955 

Benzene C6H6 146371 140342 

Carbon Monoxide CO 12644 12644 

Hydrogen H2 12770 10760 

 

9. Liquid Fuels. Crude oil is a complex mixture of hydrocarbons. The primary separation of 

oil provides mainly the heavier more viscous fuel oils which potentially cause problems in 

storage, handling, combustion and environmental pollution which is alleviated in the case of 

the lighter fuel oils (petrol, kerosene, diesel oil, etc.). However, the main advantage of 

heavier fuel oils is derived from the fact that these tend to be cheaper. Table 5.5 provides the 

ultimate analysis of some liquid fuels. 

 

Table 5.5: Analyses of Some Typical Liquid Fuels (by mass) 

  
No. 1: 

Gasoline 

No. 2: 

Diesel 

No. 3: 

Light Fuel 

Oil 

No. 4: 

Heavy Fuel 

Oil 

No .5: 

Residual 

Fuel Oil 

Carbon c 0.862 0.838 0.834 0.829 0.883 

Hydrogen h 0.128 0.121 0.117 0.114 0.095 

Sulfur s 0.010 0.035 0.040 0.045 0.012 

Nitrogen n 0.000 0.000 0.000 0.000 0.000 

Oxygen o 0.000 0.000 0.000 0.000 0.000 

Moisture w 0.000 0.000 0.000 0.000 0.000 

Ash a 0.000 0.006 0.009 0.012 0.010 

Density kg/l 0.76 0.87 0.9 0.95 0.95 

GCV(calculat

ed) 
kJ/kgF 46490 44942 44290 43746 42511 

NCV(calculat

ed) 
kJ/kgF 43623 42232 41669 41193 40383 

 

 Heavier fuel oils are viscous liquids which become thicker and more intransigent the 

colder they are. Light fuel oil will usually remain in liquid form no matter how cold the 

weather is. The heavier grades of oil require heating in order to be able to remove them from 

the tank at all. In order to reduce the amount of energy required for pumping the oil to 

burners, an appropriate pumping temperature should be maintained.  

 For the proper operation of pressure jet atomizing oil burners, the maximum kinematic 

viscosity goes up to 25 mm
2
/s and for rotating cup oil burners, it goes up to 60 mm

2
/s. Light 

oils satisfy these conditions almost always, but heavier oils must be preheated in the tank (in 

order to be pumped) and before entering the burner the oil temperature can sometimes be 

over 100 
o
C. 
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 There is a very similar relation between oil density and its temperature. By decreasing oil 

temperature it becomes denser and at pour temperature it cannot flow anymore. Pour 

temperatures are in the range from - 36 
o
C (light fraction) to +5 

o
C (heavier fraction). 

 The flash point (when volatile fuel in contact with flame burns quickly) is within the 

range of 60 
o
C (light oil) to 125 

o
C (heavy oil). 

 The presence of sulfur in fuel considerably reduces the quality of liquid fuel. 

 

10. Solid Fuels. Coal is the most important solid fuel and the various types are divided into 

groups according to their chemical and physical properties. The ultimate analysis of some 

types of coal and some other solid fuels is presented in Table 5.6.  

 

Table 5.6: Ultimate analysis for some solid fuels (by mass) 

  
No. 1: 

Coal 

No. 2: 

Coal 

No. 3: 

Coal 

No. 4: 

Coal 

No. 5: 

Wood 

No. 6: 

Rice Hull 

Carbon C 0.847 0.785 0.63 0.59 0.335 0.3781 

Hydrogen H 0.026 0.047 0.039 0.037 0.06 0.0468 

Sulfur S 0.011 0.019 0.018 0.017 0 0 

Oxygen O 0.016 0.042 0.09 0.084 0.3 0.335 

Nitrogen N 0.01 0.017 0.013 0.012 0 0.0028 

Ash A 0.05 0.05 0.05 0.08 0.005 0.2368 

Moisture W 0.04 0.04 0.16 0.18 0.3 0 

GCV(calculat

ed) 

MJ/kg

F 
32.51 33.07 27.08 25.42 20.53 20.69 

NCV(calculat

ed) 

MJ/kg

F 
31.80 31.89 26.08 24.38 19.17 19.04 

 

 When dry coal is heated at a temperature of 925 
o
C at atmospheric pressure in air-free 

conditions, the loss of weight gives the volatile matter initially present. The carbon which 

remains is called the fixed carbon.  

 There are also a number of other properties of coal that are important in evaluating coal 

for a given use. Some of these are fusibility of ash, grindability or ease of pulverization, the 

weathering characteristics, and size. 

 Other solid fuels are: 

– Char is the nonaglomerated, nonfuisable residue from the thermal treatment of solid 

carbonaceous material. Coal chars are obtained as a residue or a co-product from low-

temperature carbonization processes and from processes developed to convert coal into 

liquid and gaseous fuels and into chemicals. Such chars have substantial calorific 

value.  

– Wood. Gross calorific values are 20 MJ/kg (hard wood) and 21 MJ/kg (soft wood) for 

oven-dried wood. These values are accurate enough for most engineering purposes. 

But, the moisture significantly influences the calorific value and must be known for the 

practical use of wood as fuel. 

– Peat is partially decomposed plant matter that has accumulated underwater or in a 

water-saturated environment. It is the precursor of coal but it is not classified as coal. 

The moisture free GCV is approximately 21 MJ/kg. 

– Charcoal is the residue from the destructive distillation of wood. It absorbs moisture 

readily, often contains as much as 10 to 15 % of water and usually contains 2 to 3 % of 
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ash and 0.5 to 1.0 % of hydrogen. The gross calorific value of charcoal is about 28.0 to 

30.3 MJ/kg. 

– Bagasse is the solid residue remaining after sugarcane has been crushed by pressure 

rolls. It usually contains from 40 to 50 % of water. The dry bagasse has GVC of 18.6 to 

21.0 MJ/kg. 

– Solid Waste and Biomass. Large and increasing quantities of solid wastes generated 

per capita are a significant feature of affluent societies. On a moisture free basis, the 

composition of miscellaneous refuse is surprisingly uniform, but size and moisture 

variations cause major difficulties for efficient, economical disposal.  

 The fuel value of most solid wastes is usually sufficient to enable self-supporting 

combustion, leaving only the incombustible residue and reducing the volume of waste 

eventually consigned to sanitary landfill to only 10 to 15 % of the original volume. The heat 

released by the combustion of waste can be recovered and utilized, although the cost of the 

recovery equipment or the distance to a suitable end user of the heat may make recovery 

economically infeasible. 

 

11. Gaseous Fuels 

– Natural Gas (NG). Natural gas is combustible gas that occurs in the porous rock of the 

earth’s crust and is found with or near accumulations of crude oil. As gas, it may occur 

alone in separate reservoirs. It consists of hydrocarbons with a very low boiling point. 

Methane is the main constituent.  

– Liquefied Natural Gas (LNG). The advantages of storing and shipping natural gas in 

liquefied form are derived from the fact that 0.03 m
3
 of liquid methane at –162 

o
C 

equals to about 18 m
3
 of gaseous methane. Temperature higher than –162 

o
C can be 

used if the liquid is stored under pressure. 

– Liquefied Petroleum Gas (LPG) is the name given to fuels burned as gases which are 

liquid oils at ambient temperature and moderate pressures. The chief constituents of 

LPG are propane and butane mixed in any proportion or with air. 

– Producer Gas is generated by blasting deep, hot bed of coal or coke continuously with 

a mixture of air and steam. The products of the process are CO, N2 (from the use of 

air), small amounts of H2 and some CO2.  

– Coke-Oven Gas (Blast-Furnace Gas) is a by-product in the manufacture of pig iron in 

blast furnaces and is generally used for heating purposes within the plant. 

– Blue Water Gas, Carbureted Water Gas, and Coal Gas are combustible gases 

produced from coal or coke (in some cases enriched with oil, natural gas or LPG). 
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Table 5.7: Analyses of Some Typical Gaseous Fuels 

Constituent 

M 
NG LPG PGB

C 

CWG C-OG TG 

A B C 

kg/kmo

l 

% % % % % % % % 

by volume 

Methane CH4 16 93.9 67.4 54.3 0.0 3.0 10.2 32.1 27 

Ethane C2H6 30 3.6 16.8 16.3 0.0 0.0 0.0 0.0 1.2 

Propane C3H8 44 1.2 15.8 16.2 60.0 0.0 0.0 0.0 0.0 

Butanes plus C4H10 58 1.3 0.0 7.4 40.0 0.0 0.0 0.0 3.5 

Ethene C2H4 28 0.0 0.0 0.0 0.0 0.0 6.1 3.5 0.0 

Benzene C6H6 78 0.0 0.0 0.0 0.0 0.0 2.8 0.5 0.0 

Carbon 

monoxide 

CO 28 0.0 0.0 0.0 0.0 27.0 34.0 6.3 8.0 

Hydrogen H2 2 0.0 0.0 0.0 0.0 14.0 40.5 46.5 51.8 

Nitrogen N2 28 0.0 7.5 5.8 0.0 50.9 2.9 8.1 6.5 

Oxygen O2 32 0.0 0.0 0.0 0.0 0.6 0.5 0.8 0.0 

Carbon dioxide CO2 44 0.0 0.0 0.0 0.0 4.5 3.0 2.2 2.0 

by mass 

Carbon c 75.85 71.59 74.42 82.26 1.45 25.92 39.80 41.05 

Hydrogen h 24.15 19.97 19.48 17.74 1.62 8.98 18.78 20.01 

Nitrogen n 0.00 8.44 6.10 0.00 57.60 4.47 17.87 14.35 

Sulfur s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Oxygen o 0.00 0.00 0.00 0.00 0.78 0.88 2.02 0.00 

Carbon monoxide CO 0.00 0.00 0.00 0.00 30.55 52.46 13.90 17.66 

Carbon dioxide CO2 0.00 0.00 0.00 0.00 8.00 7.27 7.63 6.94 

Moisture w 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ash a 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

calculated values 

Molar mass of gas kg/kmo

lF 

17.4 24.9 26.6 49.6 24.7 18.2 12.7 12.7 

Specific gas constant kJ/kgF 

K 

478.2 334.2 312.3 167.6 336.0 458.2 655.1 655.4 

Density (0 
o
C;1.01325 

bar) 

kg/m3 0.776 1.110 1.189 2.214 1.105 0.810 0.567 0.566 

Density (15 
o
C;1.01325 

bar) 

kg/m3 0.736 1.053 1.127 2.099 1.047 0.768 0.537 0.537 

GCV(calculated) kJ/nm
3

F 42.93 54.78 59.53 114.7 6.40 21.54 22.50 23.92 

NCV(calculated) kJ/nm
3

F 38.66 49.72 54.23 105.6 5.99 19.89 20.09 21.35 

GCV(calculated) kJ/kgF 55.31 49.33 50.09 51.80 5.79 26.59 39.71 42.24 

NCV(calculated) kJ/kgF 49.81 44.77 45.63 47.67 5.43 24.56 35.46 37.69 

Wobbe number (GCV) kJ/nm
3
 55.39 59.10 62.09 87.63 6.92 27.21 33.98 36.14 

NG = Natural Gas; LPG = Liquid Petrol Gas; PGBC = Producer Gas from Bituminous 

Coal; CWG  = Carbureted Water Gas; C-OG = Coke-Oven Gas; TG = Town Gas 
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12. The energy released by gas fuel of a given calorific value per unit volume (CV) flowing 

through burner of given size is proportional to 
G

p
CV , where p  is the pressure drop 

through the orifice of the burner and G is the density of gas. In order to compare gases, the 

Wobbe number is defined as follows: 

 

a

G

3
n3

n

]m/MJ[CV
]m/MJ[W  

(5.19) 

 

where a is the density of standard air. Gaseous fuels with similar Wobbe number burn 

similarly and it is not necessary to replace the orifice or even the burner. For significant 

difference of pressures before burner, the comparison has to be performed based on the 

corrected Wobbe number as follows: 

 

pWWc  (5.20) 

 

13. The choice of fuel involves balancing a number of factors including the capital cost of 

plant, the price of fuel, and operating and maintenance costs. Some consideration should also 

be given to likely future changes in fuel and pricing policies and to pollution control 

legislation. Furthermore, some allowance should be made for the unexpected. 

 Fuel cost is by far the highest of costs of most boiler operations. Consequently, reducing 

fuel costs is a major objective of any boiler energy audit. It is in the factory’s interests to 

reduce fuel cost even if the energy consumption stays the same or increases. This strategy 

may conflict with a national strategy to reduce energy consumption, however some energy 

conservation projects save energy costs but increase energy consumption. A typical example 

is a fuel switch from fuel oil to solid fuels. 

 Some aspects have to be analyzed and could influence the decision relevant to fuel 

selection or changing the fuel. 

a. Solid fuels delivery contracts 

The first question to ask is how the client purchases solid fuels and whether the firm has an 

option and can choose from various suppliers. Firms requiring large quantities of solid fuels 

should not purchase by the ton but rather pay per MJ of energy received. The reason for this 

is that solid fuels such as coal, wood, or bagasse may carry large quantities of water or ash. 

Both solid fuel components are not contributing any MJ to the energy input to the system. 

Even worse, they will significantly lower the system’s efficiency. In the case of water, 

additional energy is needed to evaporate water and in the case of large amounts of ash, some 

carbon remains in the ash and valuable chemical energy is discharged through the waste bin. 

 Purchasing solid fuels based on US$/1000 MJ can reduce energy costs significantly and 

will improve thermal efficiency, because it may result in reduced water and tramp ash on 

delivery.  

 The second issue that should be clarified prior to an energy audit is the so-called 

opportunity cost of solid waste fuel. Firms that generate their own waste (sugar mills, rice 

mills, wood and food processing companies) often argue wrongly that the fuel is waste and 

therefore free of charge. In reality no fuel is free of charge, because fuel processing and cost 

benefits from the state of ‘as fired’ as well as lost opportunities to use available excess fuel 

energy for other purposes are not considered. 
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 The following example can be used as a better explanation. It is assumed that biomass 

costs 9.43 US$/t (based on GCV) independently of its moisture content. But it is expected 

that moisture content is 20 % (wet basis) and ash is 0 %. Any moisture in fuel will lower 

boiler efficiency, as indicated in Table 5.8. The temperature of flue gas is 222 
o
C and the flue 

gas oxygen content is 7 %. Boiler efficiency is calculated only based on flue gas loss (q2). It 

can seen that useful energy increases dramatically with an increase in moisture content. The 

calculation is performed with Software No. 3, which is explained later.  

 By purchasing biomass with 20 % moisture content at the price of 9.43 US$/t it is 

assumed that the price is 0.60 US$ per 1 GJ of chemical energy. The combustion of this type 

of fuel in a boiler produces useful heat energy which is 15.71 ×0.79 = 12.35 GJ/t. This heat 

energy has to be delivered to the process disregarding how much moisture is in the fuel.  

 There is a double penalty to be paid if high moisture fuel is bought in US$/t instead of 

US$/energy content. Reasonable dry biomass with 20 % moisture costs 0.6000 US$ per GJ of 

useful energy. Very wet wood at 50 % moisture would cost about 17.57 US$ or 1.86 times 

more if it is paid per weight. This means that for the same produced heat energy more fuel 

has to be burned and boiler efficiency will be lower. If purchasing practice assumes fuel price 

per delivered chemical energy (US$/GJ), the increase of fuel consumption will be generated 

only because of boiler efficiency decreasing from 0.79 to 0.67.  

 

Table 5.8: Biomass (c = 50 %, h = 6 %, 0 = 44 %, n = 0 %, s = 0 %) 

Moisture 

(wet basis) 

[%] 

GCV 

[MJ/kg] 

Boiler 

efficiency 

[-] 

US$/t 

(9.43 US$/t of 

biomass with 20% 

of moisture) 

US$/GJ 

(0.60 US$/GJ of 

biomass of 20% 

moisture) 

0 19.63 0.82 7.20 0.5730 

10 17.67 0.81 8.17 0.5847 

20 15.71 0.79 9.43 0.6000 

30 13.74 0.76 11.16 0.6211 

40 11.78 0.72 13.65 0.6514 

50 9.82 0.67 17.57 0.6992 

 

b. Physical/chemical properties of a solid fuel 

Four standard tests are common: 

– The ultimate chemical analysis determines the mass percentage of Carbon (c), 

Hydrogen (h), Oxygen (o), Nitrogen (n), Sulfur (s), ash and water in fuel. 

– The proximate analysis determines the mass percentage of volatile, ash, and fixed 

carbon. 

– A test to determine the moisture content of fuel on a wet or dry basis. 

–  A bomb calorimeter test to determine the Gross Calorific Value (GCV) of fuel in  

kJ/kg or MJ/kg, as received. 

c. Physical/chemical properties of liquid fuels 

Liquid fuel testing is done similarly to solid fuel testing. However, the ultimate chemical 

analysis of liquid fuels is rarely published. 

 Instead, it is more common to report the C/H ratio and the density of fuel oil. In 

particular, density is a parameter that is tested with almost any delivery of fuel, because it 

influences preheating temperature and oil line pressure settings. 

 The C/H ratio changes from 6.6 for very light fuel oil to over 12.0 for highly viscous and 

heavy fuel oil. 
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 Under normal circumstances fuel oils have either no ash and no water or only traces 

smaller than 0.15 %. Some countries have norms that regulate fuel oil properties and classify 

fuel oils. In other countries fuel oil quality may not be standardized and it is sometimes not 

clear what type of fuel oil a client gets. 

 

 

d. Gaseous fuels 

Gaseous fuels are without question the easiest fuel to combust with the least danger of 

fouling a boiler. However, they are also the most expensive. Chemical analysis is done on a 

volumetric basis and the GCV is calculated based on this analysis. In most cases, it is natural 

gas (NG), liquefied petroleum gas (LPG), liquefied natural gas (LNG), or compressed natural 

gas (CNG, at 160 bar). 

 To use gaseous fuels in boilers is a question of economics. In cases where the specific 

energy costs per 1000 MJ of useful energy of gaseous fuel and fuel oil are close, it may be 

worthwhile to consider switching fuel.  

 LPG is a mixture of predominantly commercial propane and commercial butane. Its 

composition is typically 80 % propane and 20 % butane (on a liquid volume basis). However, 

the blend may be as low as 50:50 and it depends on application and the cost of propane. As 

propane has vapor pressure of 8.53 bar (absolute) at 20 
o
C and butane has much lower vapor 

pressure of 2.06 bar, equipment requiring higher gas pressures needs LPG with higher 

propane fraction. The GCV of commercial propane is 50.3 MJ/kg while butane has the GCV 

of 49.5 MJ/kg. The GCV of commercial LPG does therefore vary slightly between 49.6 

MJ/kg (80P:20B) and 49.8 MJ/kg (50P:50B). LPG is either sold per weight or per liquid 

volume. Liquid densities at 15 
o
C are 0.524 kg/l (80P:20B) to 0.545 kg/l (50P:50B). 

e. Comparison of solid, liquid and gaseous fuels 

From the point of view of energy costs it may sometimes be interesting to switch from high 

priced fuel to lower priced fuel. But, this energy cost reduction measure usually decreases the 

system’s efficiency and may require substantial retrofitting of the furnace system.  

 Among other things, the following has to be known for the analysis of possible fuel 

switching: 

(a) Amount of air needed per MJ of fuel energy converted 

(b) Amount of water generated per MJ of fuel energy converted 

 The amount of air needed plays a role in the design of forced and induced draft fans and  

the dimensions of duct sizes. Occasionally, fuel does not match the boiler design particulars if 

fuel switching has taken place. As shown in Table 5.9, increasing the moisture content of fuel 

will significantly reduce the steam generation capacity of a boiler. While reasonably dry 

biomass may have a yield of 5 tons of steam per ton of fuel, this will drop to 2.5 tons of 

steam at 50 % moisture. 

 The amount of water vapor generated during the combustion process has a significant 

impact on thermal efficiency, because both the physically and chemically bound water must 

be evaporated. All water in the fuel leaves the boiler in vapor form at between 150 
o
C and 

300 
o
C and it is also one cause of corrosion. An overview is given in Table 5.9. 

 It has to be noted that there is difference in water generation per MJ of fuel energy 

provided to the furnace. Air requirements vary from 0.27 to 0.37 m
3
 of air per MJ of fuel 

energy supplied.  

 

Table 5.9: Combustion Air Requirements and Water Generation 

Fuel m
3

Air/MJFuel gH2O/MJFuel O2 [%] in stack 

Light fuel oil 0.304 27.87 4 
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Highly viscous fuel oil 0.316 21.80 5 

Butane 0.278 32.09 3 

Propane 0.277 33.19 3 

Wood (20 % H2O) 0.373 40.84 8 

Wood (40 % H2O) 0.373 61.96 8 

Bagasse (50 % H2O) 0.373 78.85 8 

Anthracite (84 % C, 5 % H2O 0.372 15.61 7 

Lignite (67 % C, 30 % H2O) 0.365 40.40 7 

 

14. Combustion. Fuel combustion means letting the molecular Oxygen (O2) in air react with 

the combustible component of fuel. For example, the Carbon (C) of the fuel reacts with the 

Oxygen of the air to generate Carbon Dioxide (CO2). If the reaction is incomplete, Carbon 

Monoxide (CO) is generated. 

 It has to be stressed that all combustion products such as CO2, CO, NOx, CnHm, SO2, SO3, 

except for the water generated by combustion of Hydrogen to H2O, are harmful. There is 

literally nothing benign in flue gas, except water vapor. Even water vapor is not really 

harmless, because it reacts with SO3 to generate sulfuric acid (H2SO4).  

 The general combustion equation is: 

 

O2H2SO2O2CO2SO2O2CO

22FUEL

g)vvv1(vvvB

N
28

767.0
O

32

233.0
Akg1

 (5.21) 

 

where; 

A [kg/kgF] = Air-fuel ratio (by mass) 

B [kmol/kgF] = kmol of dry flue gas per 1 kg of fuel 

A · 0.233/32 = kmol of Oxygen supplied by air per kg of fuel 

A · 0.767/28 = kmol of Nitrogen supplied by air per kg of fuel 

vCO2 = Volumetric fraction of Carbon Dioxide in dry flue gas 

vO2 = Volumetric fraction of Oxygen in dry flue gas 

vSO2 = Volumetric fraction of Sulfur Dioxide in dry flue gas 

gH2O = Water content in flue gas per 1 kilogram of fuel, kmol/kgF  (from hydrogen 

in fuel only) 

 The composition by mass of gaseous fuel can be calculated if the composition by volume 

of fuel is known. In that case the general combustion equation can also be used for gaseous 

fuels.  

 From the general combustion equation a mass balance can be drawn up for each element 

in turn. The five equations are: 

 

 From Hydrogen balance: 

 

]kg/kmol[
2

h
g FO2H  (5.22) 

 

 From Carbon balance: 

 

]kg/kmol[
44

)'CO(

28

)'CO(

12

c
vB F

2
2CO  (5.23) 
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 From Sulfur balance: 

 

]kg/kmol[
32

s
vB F2SO  (5.24) 

 

 From Oxygen balance: 

 

]kg/kmol[
2

g
)vvv(B

32

233.0
A

162

o
F

O2H
2SO2O2CO  (5.25) 

 

 From Nitrogen balance: 

 

]kg/kmol[)vvv1(B
28

767.0
A

142

n
F2SO2O2CO  (5.26) 

 

By eliminating B from the last two equations and using the equations for Hydrogen, Carbon 

and Sulfur balances the following relation can be derived: 

 

4

h

28

n

32

o
A

28

767.0

32

233.0

4

h

32

s

44

)'CO(

28

)'CO(

12

c

32

o
A

32

233.0

v

2

2O  (5.27) 

 

 A stoichiometric (theoretical) air-fuel ratio A, implies that vO2 = 0. This can be found by 

putting the numerator in this equation to zero, i.e. 

 

F

air

2

s
kg

kg

32

233.0
32

o

4

h

32

s

44

)'CO(

28

)'CO(

12

c

A  (5.28) 

 

Now, for stoichiometric combustion Bs is: 

 

F

gasfluedry2
s

kg

kmol

32

s

44

)'CO(

28

)'CO(

12

c

28

767.0
A

28

n
B  (5.29) 

 

 The maximum volumetric ratio of CO2 is now: 

 

s

2

max,2CO
B

44

)'CO(

28

)'CO(

12

c

v  (5.30) 

 

 One kilogram of fuel requires a certain minimum of ambient air to be fully combusted. 

This minimum amount of air is called Stoichiometric Air or Theoretical Air. This amount of 

air will completely combust the fuel to Carbon Monoxide (CO2), water (H2O) and Sulfur 

Dioxide (SO2) if sulfur is present in the fuel. If the fuel does not get enough air for 
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combustion, it will generate smoke and a potential unhealthy mixture of flue gas products. In 

addition to that, energy will be wasted. The same applies if too much excess air is used for 

combustion. The main purpose of combustion technology is therefore to ensure the proper 

amount of air that minimizes environmental impact and fuel consumption.  

 The excess air factor is defined as follows: 

 

air)ricStichiomet(lTheoretica

fueloframlogkionecombusttoairofMass
 (5.31) 

 

 The theoretical air-fuel ratio is a fuel specific parameter that has nothing to do with 

furnace design or the combustion process, while  is parameter that shows how efficiently 

fuel is combusted. The closer  is to one, the more efficient is the furnace or burner design 

and operation.  

 The amount of excess air can be derived from the measurement of either the O2 or CO2 

content of the flue gas.  

 

15. Flue Gas Analysis. If the following is known from flue gas analysis: 

Pressure of the ambient air = P [bar] 

Temperature of air = tA [
o
C] 

Relative humidity of air = RHA [%] 

Temperature of flue gas = tFG [
o
C] 

Oxygen content in flue gas (by volume) = vO2 [%] 

Carbon monoxide content (by volume) = vCO [ppm] 

 The flue gas loss can be calculated as follows: 

 The air-fuel ratio [kgA/kgF]: 

 

32

233.0

28

767.0

32

233.0
v

4

h

28

n

32

o
v

4

h

32

s

44

)'CO(

28

)'CO(

12

c

32

o

A

2O

2o
2

 (5.32) 

 

 kmol of dry flue gas per 1 kg of fuel [kmol/kgF] 

 

2O

2

v

4

h

32

s
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)'CO(
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233.0
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 Carbon dioxide (in dry flue gas) 

 

B
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)'CO(
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)'CO(
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c

v

2

2CO  
(5.34) 

 

 Sulfur dioxide (in dry flue gas): 
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B

32

s

v 2SO
 (5.35) 

 

 Nitrogen (in dry flue gas): 

 

2SO2O2CO2N vvv1v  (5.36) 

 

 Molar mass of dry flue gas: 

 

64v32v44v28vM 2SO2O2CO2NDFG  (5.37) 

 

 Kilogram of dry flue gas per 1 kg of fuel [kg/kgF] 

 

BM'B DFG  (5.38) 

 

 Specific dry flue gas constant: 

 

Kkg

J

M

8314
R
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DFG  (5.39) 

 

 Specific heat of dry flue gas: 
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where 

 

%0.14 Error  Maximum
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%0.12 Error  Maximum
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 Specific heat of water vapor is: 

 

%0.04 Error  Maximum
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 Moisture in flue gas results from fuel (9 h + w) and from moisture from fresh air 

used for the combustion process: 

 

F

w
FAw

kg

kg
)wh9(Axm  (5.46) 

 

 The absolute humidity of flue gas is: 

 

]gasfluedryofkgperwaterofkg[
'B

m
x w

FG  (5.47) 

 

 The wet flue gas per kg of fuel is: 

 

]kg/kg['B)x1(m FFGwFG  (5.48) 

 

 The enthalpy of wet flue gas is: 

 

]gasfluedryofkg/kJ[)tc(xtch FGwpFGFGFGpFG 2500  (5.49) 

 

 The enthalpy of wet air used for combustion is: 

 

]airdryofkg/kJ[)2500tc(xtch AwpAAApA  (5.50) 

 

 The heat energy loss with wet flue gas is: 

 

AAFGFGFG hmhmQ  (5.51) 

 

 The flue gas loss (FGL) is: 

 

GVC

Q
FGL FG  (5.52) 
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16. Environmental Impact. The flue gas analysis enables the computation of CO2 and SO2 

emissions in gases released during combustion. Since the computation has produced the 

content of these gases by volume in dry flue gas, their mass computed per unit of fuel mass 

equals to: 

 
]kg/kg[B442vCOBM2vCOm F2CO2CO2CO  (5.53) 

 
]kg/kg[B642vSOBM2vSOm F2SO2SO2SO  (5.54) 

 

The water mass in flue gas has already been determined by Eq. (5.46). Of course, all of the 

above applies for given conditions of combustion.  

 

 The conversion between C and CO2 can be calculated by means of the relative atomic 

weights of carbon and oxygen. The atomic weight of carbon is 12 and that of CO2 is 44. To 

convert from C to CO2 multiply by 44/12 and to convert from CO2 to C multiply by 12/44. 

 

 

 

17. Software 4: Fuels, Combustion and Environmental Impact 

 

The calculation procedures presented in 15 and 16 are accomplished by Software 5: Fuels and 

Combustion. It offers the opportunity to calculate the NCV and GCV for fuels whose content 

is known or, if it is unknown, to select some of offered fuels. The first FORM appears after 

starting the program and offers fuel selection and specified fuel composition in the FRAME: 

Fuel Composition (Fig. 5.1). 

 

 
Figure 5.1: Form 1 – FUEL PARAMETERS 
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Figure 5.2: Form 2 – THEORETICAL COMBUSTION 

 

By starting with the button CALCULATE Form2 – THEORETICAL CALCULATION 

appears with the available fuel properties and the theoretical combustion calculation. For the 

example of selected heavy fuel oil (Fig. 5.1), the results of the calculations are presented in 

Fig. 5.2. These results are also available in EXCEL format by clicking on the button EXCEL 

(1). This sheet can be printed from EXCEL. From this form, by clicking on the button FLUE 

GAS LOSS, the new form – FLUE GAS LOSS CALCULATION will appear (Fig. 5.3). In 

the frame – MEASURED DATA, the actual data concerning particular boiler has to be 

inputted. The button CALCULATION executes the calculation and shows the data in the 

frame – RESULTS OF CALCULATION. Besides flue gas loss (q2), chemically incomplete 

combustion loss (q3) is also calculated. For this, the values of the oxygen and carbon 

monoxide content in flue gas and its temperature have to be known. All of the calculated data 

are also available in EXCEL format (button EXCEL (2)).  
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Figure 5.3: Form 3 – FLUE GAS LOSS CALCULATION 

 

For any selected fuel and combustion air parameters, the diagram of dry flue products (O2 

and CO2) by volume versus excess combustion air can be obtained. The chemical content of 

fuel is given on the right side of the diagram. Besides this, flue gas loss versus flue versus 

excess combustion air for different flue gas temperatures can also be obtained. The procedure 

for the selection of flue gas losses is presented in Fig. 5.4. For the selected or measured CO2 

content in flue gas and the known temperature of flue gas for used fuel, the percentage of flue 

gas loss can be read on the right ordinate.  

 

 
Figure 5.4: Form 4 - DIAGRAM 
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