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Abstract

In power plants or any combustion systems, for a maximum efficiency of combustion, an operational safety procedure
(reduction of CO emissions) and environmental pollution reduction, it is highly important to determine and monitor the flue
gas composition resulting from burning of solid fuels in combustion chambers. The paper presents the development of a web
application, which can prove extremely useful for thermo-energetic engineers and researchers who wish to perform combustion
calculations of the solid fuels (coal / biomass / solid waste materials). The application allows users to enter the data on the
elemental composition of the analyzed fuel, excess air and fuel flow rate to determine volume of oxygen and air necessary
for fuel combustion and flue gas volume. This web application can be also successfully used both in designing stage of
the combustion equipment and in the operating stage since the chemical composition of solid fuels is extremely variable
(particularly in the case of waste materials) consequently it is highly important to know the optimum quantity of air required
for a maximum efficiency of combustion. Proper control of the combustion process will lead both to the optimum functioning
of the equipment and to less polluting combustion gasses and will also reduce thermal losses.
c⃝ 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Combustion, is defined as a chemical reaction during which the fuel combustible elements are rapidly oxidized
and a large quantity of energy is released. From a thermodynamic perspective, combustion is analyzed globally
in that it focuses neither on the mechanism of combustion, called kinetics of combustion, which is an extremely
complex chemical phenomenon, nor on the intermediate products of combustion.

The purpose of burning organic fuels in combustion plants is to obtain hot combustion gases which are the
primary heating agent in the boiler, Kitto and Stultz [1]. Combustion of organic fuels is an exothermic process in
which fuel and combustion air are consumed, generating combustion gases and solid products (ash/slag).
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Fuels are defined as substances that produce significant amounts of heat by combustion, and in order to be
considered as fuel, a substance must meet the following criteria: to react exothermically with oxygen, at high speed
and high temperatures; the resulting combustion products must be non-toxic; it should be widespread in nature,
therefore it must be cost-effective with no other cheaper alternative uses; the resulting combustion products should
not be corrosive in contact with any exposed surface, etc.

It is difficult to achieve an exact mass analysis for solid fuel, but in general coal, biomass, solid waste or other
kind of solid fuel contains varying amounts of carbon, oxygen, hydrogen, nitrogen, sulphur, moisture and ash.
The chemical composition of fuels can be established globally by designating the part that actually participates to
combustion process, called combustible mass, and of the part that does not participate to burning, called ballast,
that can be found among the resulting combustion products such as ash/slag. This way of defining the chemical
composition of fuels further highlights the humidity, the amount of water present in fuels and it is called technical
analysis.

Practical aspects related to the computation of combustion require a thorough analysis of the two components
of fuels via elementary chemical analysis of primary chemical elements or stable compounds which are present in
fuel composition.

The elementary chemical composition is expressed in units of mass for solid and liquid fuels [kg component/ kg
fuel]. The chemical composition of solid and liquid fuels includes combustible elements as: carbon (Ci), hydrogen
(Hi) and sulphur (Si). The mass participation of chemical elements are indicated in parentheses.

Of these elements, sulfur is an unwanted presence, as it reacts with the moisture in the flue gas, resulting in
sulfuric acid, which is extremely corrosive to the metal elements of the combustion plant. Other elements involved
in the combustion process are: oxygen (Oi) bound, therefore present in fuel, nitrogen (Ni) (considered as inert
in this case and therefore does not react with other elements, but in reality nitrogen oxides, NOx are formed
in the combustion process when fuels are burned at high temperatures, most often being the result of industrial
activities, road traffic and electricity production, Spiru et al. [2], Spiru and Lizica-Simona [3]), and fuel moisture
(Wi). Mineral mass or ballast, has the mass participation noted by (Ai). The sum of mass participations highlighted
by the elementary analysis, must satisfy the Eq. (1).

We consider the burning of one kilogram solid fuel, with the following elemental analysis:

C i
+ H i

+ N i
+ O i

+ Si
+ M i

+ W i
t = 100% or 1 kg of fuel (1)

Combustion is widely used for energy production both in industry and in household applications.
The combustion conditions in the household stoves have a crucial influence on the emissions, according to Lai

et al. [4]. The traditional stove for cooking has a very low energy efficiency of 10%–15% and high emissions, while
the traditional stoves used for space heating in rural areas have an energy efficiency of 25%–30%, Sun et al. [5,6]
and Wei et al. [7].

Extremely low combustion efficiencies resulting in high energy wastage and high pollutant emissions are mainly
due to insufficient air supply (inadequate air ratio) and poor mixing between air and fuel, Sun et al. [5,6].

In industrial boilers, the area where the combustion of fuels takes place is called the combustion chamber. Here
the two elements present in any combustion process are introduced, namely the fuel, i.e. the component which is
to be burned and the oxidant, the component which contains the oxygen needed for burning, Russell and George
[8]. In the usual combustion process, air is the most common oxidant as it is free and easy to get, less often, the
high-purity oxygen is used in metallurgy or in special combustion installations, Sang et al. [9]. Oxy-fuel combustion
technologies where air is replaced by a mixture of pure oxygen and recirculated combustion gases is one of the
most promising techniques for CO2 capture and CO2 emission reduction, Baskar and Senthilkumar [10], Zhang
et al. [11], Jang et al. [12], Myrrha et al. [13], and Berrin and Hüsnü [14].

During combustion new chemical substances (called combustion gases) emerge as a result of combining the fuel
and the oxidant. During a combustion process, the elements that exist prior to reactions are called reactants and
components that exist after the reaction is completed are called products.

According to Fig. 1, depending on the type of combustion (excess air coefficient), the combustion gases may
contain:

- for incomplete combustion (lambda <1): CO, CO2, SO2, H2O, N2
- for theoretical or stoichiometric combustion (lambda =1): CO2, SO2, H2O, N2
- for excedentary combustion (lambda >1): CO2, SO2, H2O, N2, O2
Therefore, optimum combustion, requires oxygen, a good turbulence and a sufficient time for complete

combustion of all the elements, Çengel and Michael [15].
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Fig. 1. The solid fuel combustion.

2. Theoretical combustion processes

The minimum amount of air necessary for the complete combustion of a fuel is called stoichiometric or theoretical
air and when a fuel is completely burnt with theoretical air, there is no uncombined oxygen in the flue gas. A
combustion process with less air than the theoretical one is incomplete and one with more air than the theoretical
one is surplus. The ideal combustion process in which a fuel is completely burned with the minimum quantity of
air is called stoichiometric or theoretical combustion. Incomplete combustion occurs when oxygen is insufficient,
or may occur even in the presence of an oxygen excess, but the degree of its mixing with the fuel is insufficient.

Stoichiometry is a branch of chemistry which evaluates the quantitative balancing between elements, in
combinations or chemical reactions. The gasses resulting from combustion are mainly made up of carbon dioxide
(CO2), nitrogen (N2), water vapor (H2O), carbon monoxide (CO), sulfur dioxide (SO2), etc. In case of solid fuels,
the soot (unburned carbon particles), can be present in combustion gasses. The perfect combustion, also called the
theoretical combustion is characterized by the fact that combustion gases do not contain any combustible chemical
elements (such as soot or carbon monoxide).

Mechanically incomplete combustion is characterized by the presence of combustible elements (such as C) in
combustion gases, while chemically incomplete combustion is characterized by the presence of combustible gases
in flue gases (such as CO).

The calculation of the combustion process is performed based on the chemical reactions of the combusting
elements and aims to: determine the resulting thermal energy; determine the air quantity required for these reactions;
determine the flue gas volume resulting from combustion. The quantity of air needed for combustion is very
important, because if will not ensure a sufficient quantity of oxygen (air) the combustion will be incomplete, and
on the other hand, if too much air is introduced, the combustion temperature decreases because the excess air takes
over some of the heat and increases the resulting flue gases volume Maurice and Waldner Helen Gablinger [16].
Also the quantity of flue gases resulting from combustion is extremely important for proper sizing of the exhaust
pipes, proper sizing of the chimney and the heat recovery systems.

Combustion results in combustion gases, with a varying composition depending on the oxidant and fuel type,
ash or slag due to the fuel ballast, thermal energy, representing the useful effect which depends on the combustion
conditions and on the quantity of air (oxidant) introduced in the system. For complete combustion of combustible
elements a minimum quantity of oxygen contained in a minimum amount of air is required.

By combustion, the chemical energy of fuels is converted into heat, called the heating value. Another term which
is commonly used to designate heat release is the calorific value of fuels. The quality of a fuel can be determined
by taking into account the heating value released by combustion (this aspect represents one of the main criteria in
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assessing the quality of fuels). The heating value is the amount of heat released under normal physical conditions
(p0 = 1.013 bar; t = 0 ◦C) and can be defined more simply as the heat released by the complete combustion of the
fuel mass unit.

The heating value for solid and liquid fuels is measured in [kJ/kg]. Since water vapor (H2O) is present in
combustion gases as a result of hydrogen oxidation, the fuel moisture and the combustion air moisture, two types
of heating values can be defined, depending on aggregation state of water, as a final product of combustion.

If the water resulting from combustion is converted into vapors, the latent heat of water vaporization is contained
in combustion gases. If the water resulting from combustion is found as liquid, the heat of water vaporization is
contained in the heating value. The higher heating value (HHV) is the reaction heat which contains the heat of
water vaporization (water is a combustion product in the liquid state and all combustion products are obtained under
normal conditions of temperature and pressure corresponding to normal physical state — the initial state of fuel
and oxidizer before combustion). The lower heating value (LHV) is the reaction heat which does not contain water
vaporization heat, as it can be found in combustion gases (water is a combustion product, in the vapor state, and all
combustion products are obtained under conditions of temperature and pressure corresponding to the combustion
process).

Volume of combustion air and the resulting flue gas volumes, are determined in N m3 and refer to the unit mass
of burning fuel. The calculations are made on assumption that combustion is complete and perfect and calculations
are performed by stoichiometric relations, without treating the complex chemical reactions of exothermic oxidation
of fuels.

3. Conservation of mass

In combustion reactions, according to mass conservation law, total mass of the products must be equal to total
mass of reactants, and also, total mass of each chemical element was preserved during the process.

Dry air composition can be approximated as 21% of O2 and 79% of N2. Thus, to each kmol of O2 introduced
into the furnace, corresponds 3.76 kmol of N2 (0.79/0.21).

Now consider the simple reaction of carbon with dry air to form carbon dioxide and nitrogen as given by:

C +

dry air  
O2 + 3.76N2 → CO2 + 3.76N2 (2)

One can also consider Eq. (2) on a molar basis, as follows:

1 kmol C + 1 kmol O2 + 3.76 kmol N2 → 1 kmol CO2 + 3.76 kmol N2 (3)

The kmol is the substance quantity whose mass expressed in kilograms is numerically equal to molecular mass
M of the substance. According to Avogadro’s law, at normal state (pressure of 760 Torr and temperature of 0 ◦C),
the volume occupied by one kmol of ideal gas is 22.41 N m3 / kmol.

Since the mass of each element is given by its molecular mass and all ideal gases occupy equal volumes per
kmole at the same pressure and temperature, Eq. (3) can also be expressed as:

12 kg C + 22.41m3
N O2 + 3.76 · 22.41m3

N N2 → 22.41m3
N CO2 + 3.76 · 22.41m3

N N2 (4)

1 kg C +
22.41

12
m3

N O2 +
22.41

12
· 3.76m3

N N2 →
22.41

12
m3

N CO2 +
22.41

12
· 3.76m3

N N2 (5)

Here C and O2 are the reactants since they exist before combustion, and CO2 is the product since it exists after
combustion, but N2 appear both as a reactant and as a product, but he does not react chemically in the combustion
chamber (inert gas). Chemical equations are balanced on the basis of the conservation of mass principle: The total
mass of each element is conserved during a chemical reaction, but total number of moles is not conserved during
a chemical reaction.

Hydrogen combustion:

H2 +

dry air

0.5O2 + (3.76/2) N2 → H2O + (3.76/2) N2 (6)

1 kmol H2 +
1
2

kmol O2 +

(
3.76

2

)
kmol N2 → 1 kmol H2O +

(
3.76

2

)
kmol N2 (7)
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2 kg H2 +
22.41

2
m3

N O2 +
22.41

2
· 3.76m3

N N2 → 22.41m3
N H2O +

22.41
2

· 3.76m3
N N2 (8)

1 kg H2 +
22.41
2 · 2

m3
N O2 +

22.41
2 · 2

· 3.76m3
N N2 →

22.41
2

m3
N H2O +

22.41
2 · 2

· 3.76m3
N N2 (9)

Sulfur combustion:

S +

dry air

O2 + 3.76N2 → SO2 + 3.76N2 (10)

1 kmol S + 1 kmol O2 + 3.76 kmol N2 → 1 kmol SO2 + 3.76 kmol N2 (11)

32 kg S + 22.41m3
N O2 + 3.76 · 22.41m3

N N2 → 22.41m3
N SO2 + 3.76 · 22.41m3

N N2 (12)

1 kg S + (22.41/32)m3
N O2 + 3.76 · 22.41/32m3

N N2 → (22.41/32)m3
N SO2 + 3.76 · 22.41/32m3

N N2 (13)

4. Stoichiometric combustion air

The stoichiometric volume of oxygen required for complete combustion of fuel mass unit is obtained by summing
volumes of oxygen required for combustion of fuel components, from the preceding equations. It can be noticed the
presence of oxygen in fuel composition, having a mass participation of (Oi) and this quantity should be no longer
introduced from the outside into the furnace.

The stoichiometric volume of oxygen required for combustion is:

V 0
O2

=
22.41
100

(
C i

12
+

H i

4
+

Si
− O i

32

) [
m3

N O2

kg fuel

]
(14)

The oxygen flow rate:

V̇ 0
O2

= B · V 0
O2

[
m3

N O2

h

]
(15)

where B is the fuel flow rate, [kg fuel/h].
However, the boiler furnace uses atmospheric air and not oxygen. Oxygen has a volume participation in air by

21%. The stoichiometric volume of dry air required to burn one kilogram of fuel will be in these conditions:

V o
a = V o

O2
/0.21[m3

N air/kg fuel] (16)

The air flow rate:

V̇ o
a = B · V o

a [m3
N air/h] (17)

Previous calculations are valid if the combustion air is dry. However, if the air introduced into the furnace is
moist, the stoichiometric air volume is higher, Vaw > Va, due to the water vapor content. To take into account the
absolute humidity x [kg H2O/kg dry air] of the air, its temperature, ta [oC] and its relative humidity, ϕa [%] need be
known. With the known values for ta and ϕa, use the Molliere diagram for moist air and the abscissa corresponding
to intersection of your isotherm with isohigra ϕa, gives precisely the value of absolute humidity x [kg H2O/kg dry
air].

The usual value considered in the calculations is x = 10 g H2O/kg, and it corresponds to the air parameters:
ta = 25 ◦C and ϕa = 50%. If we want more accurate results, we can use the following computation relation that
gives the value of x:

x = 0, 622ϕa ps/(pb − ϕa ps)[kg H2O/kg dry air] (18)

The volume of water vapor in moist air is:

V o
H2O = x ρa V o

a /ρH2O [m3
N H2O/kg fuel] (19)

where: - ρa [kg/N m3], density of air, normal state, ρa = 1.2925 kg/N m3;
ρH2O- [kg/N m3], density of water vapor, normal state, ρH2O = 0.804 kg/N m3.
The stoichiometric volume of wet air is:

V o
aw = V o

a + xρa V o
a /ρH2O = (1 + x ρa/ρH2O)V o

a

= (1 + 1, 61x)V o
a [m3

N /kg fuel] (20)
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5. Stoichiometric combustion products

Volume of carbon dioxide:

VCO2 =
22, 41

12
·

C i

100

[
m3

N CO2

kg fuel

]
(21)

The humidity of the combustion air and water vapor that was formed during hydrogen combustion, are treated
as an inert gas, such as nitrogen. It is important to determine the water vapor content of the flue gases in order
to determine their dew point temperature when the flue gases are cooled. Water vapor in the flue gases has two
sources, with their corresponding volumes.

- Volume of water vapor from combustion of hydrogen:

V 0
H2O =

22, 41
100

(
H i

2
+

W i

18

) [
m3

N H2O
kg fuel

]
(22)

- Volume of water vapor due to the combustion air humidity:

V ′′

H2O = 1, 61 · x · V 0
a [m3

N H2O/kg fuel] (23)

By summing the two components, we get the total volume of water vapor from the flue gas:

V o
H2O = V ′

H2O + V ′′

H2O =
22, 41
100

(
H i

2
+

W i
t

18

)
+ 1, 61 · x · V 0

a [m3
N H2O/kg fuel] (24)

Volume of sulfur dioxide:

VSO2 =
22, 41

32
·

Si

100

[
m3

N SO2

kg fuel

]
(25)

The nitrogen presence in the combustion air greatly influences the efficiency of a combustion process, reducing
the flame temperature and increasing the heat loss through the sensible heat of the flue gases exhausted at the stack,
as it is introduced into the combustion chamber in large quantities and at with low temperatures and it is discharged
with a higher temperature. In the flue gases, nitrogen comes from the fuel composition and from the combustion
air, consisting of 79% of the nitrogen. Nitrogen volume:

V 0
N2

=
22, 41

28
·

N i

100
+ 0, 79 · V 0

a

[
m3

N N2

kg fuel

]
(26)

Total stoichiometric volume of dry flue gas will be:

V o
gu = VCO2 + VSO2 + V o

N2
=

22, 41
100

(
C i

12
+

Si

32
+

N i

28

)
+ 0, 79V o

a [m3
N dry flue gas/kg fuel] (27)

If combustion takes place under stoichiometric conditions, i.e. using the minimum quantity of air required for
combustion (λ = 1), then the minimum volume of combustion gases will be obtained.

Eq. (28), gives the total volume of combustion gases, including water vapor content.

V o
ga = V o

gu + V o
H2O [m3

N flue gas/kg fuel] (28)

6. Combustion processes with excess air

Due to burners and furnaces imperfection, homogeneous mixtures between fuel and oxidant cannot be made, and
so the probability of fuel element atoms to meet the oxygen atoms, is subunit. For this reason, in real combustion
processes, it is common practice to use more air than the stoichiometric quantity to increase the chances of complete
combustion or to control the temperature of the combustion chamber, in which case we say that the combustion was
carried out with supplement air or with excess air, Ionita [17]. The ratio between the real air volume introduced
into the burning chamber, Va and the stoichiometric air volume, V o

a is the air ratio or excess air coefficient and
noted by λ.

λ = Va/V o
a (29)
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The values of the excess air coefficient, λ depend on a number of factors, of which the most important are the
fuel properties, combustion mode and the furnace construction. For the furnace it is noted with λf and has values
between 1.05 and 1.7. The volume of combustion air for combustion with excess air:

Va = λ f V o
a (30)

Not all combustion products are influenced by the air supplement λf, they depend only on the elemental
composition of the fuel, such as CO2 and SO2. If we consider the humidity of the combustion air, in the case
of excess air combustion, the relation for water vapor will change. It becomes:

V ”
H2O = 1, 61 · λ · x · V 0

a [m3
N H2O/kg fuel] (31)

and also modify relation that gives the total volume of water vapor from the flue gas:

VH2O =
22, 41
100

(
H i

2
+

W i

18

)
+ 1, 61 · λ · x · V 0

a [m3
N H2O/kg fuel] (32)

Compared with stoichiometric combustion, due to supplement of air, in the flue gas appears a new component,
namely the volume of free oxygen introduced in excess, VO2 :

VO2 = 0, 21(λ f − 1)V o
a [m3

N O2/kg fuel] (33)

Another component whose volume changes is nitrogen,VN2 :

VN2 =
22, 41

28
N

100
+ 0, 79λ f V o

a [m3
N N2/kg fuel] (34)

Volume of dry flue gas become:

Vgu = 22, 41/100[(C/12) + (Sc/32) + (N/28)] + (λ f − 0, 21)V o
a [m3

N dry flue gas/kg fuel] (35)

Total volume of wet flue gas for combustion with excess air is:

Vga =
22, 41
100

C
12  

VCO2

+
22, 41
100

S
32  

VSO2

+
22, 41
100

N i

28
+ 0, 79 · λ · V 0

a  
VN2

+
22, 41
100

(
H i

2
+

W i

18

)
+ 1, 61 · λ · x · V 0

a  
VH2O

+

+ 0, 21 (λ − 1) V 0
a  

VO2exces

[m3
N flue gas/kg fuel]

(36)

Flue gas flow rate:

V̇ga = B · Vga [m3
N flue gas/h] (37)

7. Web application

The application that enables the analysis of fuels combustion represent a useful tool for thermo-energetic
engineers and not only. We have implemented the methodology described in the previous sections as a web
application that users can access it at: http://energy.ugal.ro/Fuel Combustion.php

The web application allows users to analyze the solid fuel combustion and calculate volumes of oxygen,
combustion air and flue gas, for stoichiometric or excess air combustion. The application provides fast and free
results to compare emissions and volumes of flue gases, resulted from fuels combustion with different elemental
compositions.

Fig. 2, presents the web user interface. The web application is implemented in the most user-friendly way,
allowing users to test the methodology without being concerned about the details behind the system.

The user should enter manually the following values into the main window of the application (Fig. 2): elemental
composition of the analyzed fuel, (the sum of components must be 100%), the excess air coefficient and the burned
fuel flow. After entering the data, the SUBMIT button is pressed in order to initiate the calculations, according to
the mathematical model presented previously and the results related to the analysis of fuel combustion are displayed
in a new window (Fig. 3).
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Fig. 2. Main page of web application.

Fig. 3. Results window.

The web application determines and displays the values for oxygen and air volumes required for fuel combustion

and respectively the flow rates of flue gases resulting from the stoichiometric or excess combustion, respectively,

taking into account the elemental composition entered by the user, the excess air coefficient and the fuel flow rate.

This application can also be used to determine the oxygen and air flows needed for co-firing of coal and biomass,

taking into account the mass participation of the two fuels. The advantages of biomass co-firing with coal, are low
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CO2 and SO2 emissions and the use of infrastructure for fossil fuel combustion, Wang et al. [18] and Yousaf et al.
[19].

The web application can evolve into a more powerful tool, which will respond to the needs and expectations
of the users, by developing and implementing in the web application of the following modules: Lower and Higher
Heating Values of fuels; Adiabatic flame temperature; Heat content of the flue gas; Dew point and acid dew-point
temperatures of the flue gas; Direct or indirect thermal efficiency of power plants; Air pollution control systems.

8. Conclusions

Since fossil fuel burning processes are and will be in the near future, the most common way to generate energy in
our civilization, they should be well-managed for environmental and sustainable development reasons. Maximizing
combustion process efficiency (complete fuel combustion with minimal heat loss), will lead to economic profit
maximization.

This paper presents the design, development and implementation of a web application which can be used to
analyze the solid fuel combustion. It has an accessible interface and it is intuitive for users who are interested in
combustion processes. The web application can be particularly used to analyze the combustion of fuels with different
elemental compositions, for variable fuel flows and different excess air coefficients, presenting the advantage of
short-time calculation and avoiding laborious calculations that can induce errors. The web application is still being
improved and new features will be added in the future.
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