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Abstract: When burning fuel in grate furnaces, supplying the right amount of air to them is as
important as the method of air supply. In a furnace with a fixed grate, the supply method of primary
air is determined by the distribution of the supplied air stream over time, and in a furnace with a
movable grate, the said method involves the distribution of the stream along the active length of
the grate. The need to account for air distribution is attributable to complex processes that occur
during the combustion process. The paper describes experimental studies aimed at determining the
influence of the distribution of the supplied primary air on the emission of CO2, CO, SO2, NOx, and
on the content of combustible parts in the slag. In all cases, the total amount of primary air supplied
to the process as well as other process control parameters was identical, and only the distribution
of primary air was different. The paper proposes the use of a generalized function to describe the
distribution of air, defined by its total demand and the relative time R that fuel remains on the grate
until the maximum air stream is obtained. The quantity R was accepted at the value ranging from
1/6 to 2/3. With the rise of R, the emissions of CO2, CO, and SO2 increased by 53%, 125%, and 27%,
respectively, and the emissions of NOx and the share of combustibles in the slag decreased by 12%
and 79%, respectively.

Keywords: grate furnaces; combustion process control; primary air distribution; co-combustion;
emission of gaseous pollutants

1. Introduction
1.1. The Role of Combustion Processes in Grate Furnaces

A significant part of the combustion processes of coal [1–6] and biomass [7–13] is
carried out in grate furnaces. In the case of the above-mentioned fuels, such furnaces
are most often used in heat plants and combined heat and power plants with small and
medium power [1–5,8].

The combustion of solids, which will probably be implemented for the longest time in
most countries of the world, will involve the combustion of waste and waste-based fuels. In
recent years, a significant increase in the installations for energy management of municipal
waste have taken place in the EU and China among other places [14–16]. In the EU, in the
years 2008–2018, the number of such installations increased by 60, and currently only in
Poland there are about 100 installations at various stages of planning and implementation
(with only 8 operating so far) [14]. In China, after 2000, there was a rapid increase in the
number of municipal waste incineration installations, resulting in the highest combined
efficiency in the world currently [15]. At the same time, it should be emphasized that,
depending on the country, grate furnaces are installed in about 70% to 100% of municipal
waste incineration installations (e.g., 100% in Brazil and Australia, over 85% in the EU, and
almost 70% in China) [15–17].
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1.2. Advantages and Disadvantages of Combustion Processes in Grate Furnaces

The main advantages of grate furnaces include flexibility in terms of the properties of
burned fuels, high reliability, ease of use, relatively low investment and operating costs in
the case of structures with lower and medium power fired with coal [1,8,18,19]. In the case
of waste incineration, only operating costs are usually lower [15,17].

The disadvantages of grate furnaces include increased emissions of CO, benzoalfapy-
rene, CxHy compared with dust and fluidized furnaces, as well as a greater share of com-
bustible parts in the slag [4–6,13,19–21]. The above-mentioned disadvantages principally
do not apply to structurally advanced furnaces in thermal waste treatment installations.

Another disadvantage of grate furnaces involves temperature limitation of the process
aimed at preventing the melting of mineral fractions of the fuel, which would lead to con-
glomeration and sticking of slag to the grate [8,18]. To a large extent, the above-mentioned
disadvantages result in another disadvantage, i.e., relatively low energy efficiency of
installations equipped with the discussed furnaces [3–6,8,18].

1.3. The Course of the Combustion Process in Selected Grate Furnaces

There are many constructions of grates and grate furnaces. The differences in the
structures result mainly from the fact that grates and furnaces are adapted to the properties
of the combusted fuel, to furnace efficiency and its functions (e.g., stove furnace or furnace
in a water or steam boiler) [2,3,10,17,22,23].

The simplest structures of grate furnaces include furnaces with stationary grates and
furnaces with flat movable grates. The first design is the traditional solution found in the
furnaces of household stoves and low-power boilers. Such boilers are most often used
by single-family houses, small farms, and small public utility buildings. The furnaces
with flat movable grates constitute a difficult-to-estimate part of all movable furnaces,
approximately hundreds of thousands [4–6,24]. The power of such furnaces ranges from a
few to almost 100 MWt.

During the combustion of solid fuel in a combustion chamber with a stationary or
movable grate, a number of processes take place, such as heating and drying of the fuel,
degassing and partial gasification of the fuel, combustion of the obtained degassing and
gasification products, and the combustion of the obtained carbonizate [17,23,25,26].

In the case of furnaces with a stationary grate, these processes take place for each
portion of fuel fed to the furnace, and they dominate successively. There are also possible
situations of a simultaneous occurrence of two or more processes in different parts of
a given batch of fuel. During fuel combustion on movable grates, these processes take
place along the length of the grate. In this case, these processes often overlap (in a given
longitudinal section of the grate and the fuel, at different heights of the fuel layer and above
it, different processes take place).

The combustion process changes the amount and properties of fuel over time (in the
case of stationary grates) or along the length of the grate (in the case of furnaces with a
mechanical grate). In each of the mentioned processes, there is also a different, often very
different, air demand. The largest stream of air is required for the combustion of degassing
and gasification products, and much less is needed for the combustion of carbonizate.
On the other hand, for the heating and drying processes of fuel, an air supply is not
necessary. The optimal amount of air necessary to be delivered to each of the subprocesses
is additionally influenced by the thickness of the fuel layer and its properties [2,10,17,24–28].

In the grate furnaces in question, the majority of the oxidant is supplied to the combus-
tion chamber as primary air. This air is supplied under the grate. The stream of this air also
has the additional task of cooling the grate and protecting it from damage by excessively
high temperatures.

Therefore, the regulation of the primary air stream is one of the most important control
parameters for grate furnaces.

In the case of stationary furnaces, primary air regulation is possible by changing the
efficiency of the primary air fan. In the absence of a fan, the control is possible only by



Energies 2023, 16, 1647 3 of 16

adjusting the size of the opening through which primary air is sucked into the combus-
tion chamber.

In order to be able to control the amount of primary air along the length of the movable
flat grate, its supply is controlled in a specific zone. Depending on the structure, the space
under the grate is divided into several zones [3,6,24,25,28]. The structure of the grate and
that of the combustion chamber enable the feeding process of various primary air streams
to individual zones. Most frequently, this is done with sector-based air boxes.

The basic problem related to the regulation of the amount of air supplied to specific
zones results from the lack of knowledge of the curve describing the best air distribution
along the length of the grate for a given fuel and furnace and for its efficiency. In the
literature [3,29], we can find only qualitative information on the change in air demand along
the length of the grate, without any description allowing for its more precise characteristics.

Another problem arises from the difficulty of assessing whether the amount of air
supplied to a given zone is optimal or close to this value. Most often, in the case of industrial
boilers and furnaces, the measurement of flue gas composition (or only the measurement of
O2 and/or CO2 concentrations) is carried out at a very limited number of points, and often
only at one point. This point, in turn, is often located at the exhaust outlet from the furnace
or even from the entire installation. In such a case, the measurement results allow only for
the assessment of the correctness of the course of the entire process, and they do not provide
information on the possibility of its quick improvement. Such improvement is only possible
by changing the setting of the control parameters by a trial-and-error method. Taking into
account the efficiency change of the installation and the properties of the combusted fuel
implies the necessity of frequent changes of the control parameters and long-term operation
of the furnace in conditions significantly different from rational parameters. The exceptions
include furnaces built in municipal waste incineration installations. In that case, the number
of checkpoints measuring the most important (in terms of the regulation of the combustion
process) components of the exhaust gas (i.e., CO, CO2, and/or O2) and the temperature
is relatively large. However, even in the case of such installations, due to the turbulence
of the process and often large dimensions of the combustion chamber, the adjustment is
difficult [6,11,25,26].

The distribution of primary air in grate furnaces is generally viewed as one of the most
important control parameters, e.g., [2,3,5,10,17,22,23,27]. However, most often the problem
of primary air stream distribution is considered in the context of numerical simulations of
combustion processes, e.g., [30–38].

There are few studies demonstrating the impact of primary air distribution on the
obtained gaseous emissions along the length of the grate based on measurements. The [25,39]
present the results of research studies carried out in industrial facilities. Due to the conditions
of the carried-out research, the number of measurement points in the research presented in [39]
was limited to five. In addition, only one primary air separation was taken into consideration
in the publication.

In conclusion, we can state that one of the most important problems associated with
the operation of grate furnaces is the supply of a suitable air stream under the grate. The
mentioned stream is variable: in time (fixed grate furnaces) or along the length of the grate
(mechanical furnaces).

The main objective of the study is to demonstrate the influence of air distribution on
the formation dynamics of gaseous products of the combustion process. The dynamics is
understood as the change in the stream of the above products over time. The impact in
question was demonstrated based on the results of experimental tests for the theoretically
determined air distribution function. It is also the basic innovative element of the study.
The knowledge of the dynamics makes it possible to determine the total gaseous emissions
of combustion products. The work also determined the effect of air distribution on the
share of combustible parts in the slag.
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2. Materials and Methods
2.1. Theoretical Basis of the Conducted Research
2.1.1. Generalization of Air Distribution in Grate Furnaces

The course of the combustion process depends mainly on the initial composition of
the fuel, its initial amount, the time fuel stays on the grate (measured from the beginning
of the combustion process), and the distribution of air fed to the furnace. In the case of a
furnace with a movable grate, the time of fuel residence on the grate, at a constant grate
move speed, determines the location (position) of the fuel on the grate:

l = w t, (1)

where:
l—fuel location on the grate, distance from the point of fuel supply onto the grate, m;
w—grate movement speed, m/min;
t—fuel-stay time on the grate, min.
In the literature [3,25,29], information can be found on the applied experimental

distribution of combustion air supplied to the grate. The authors of the present study
in [24] defined the following generalized function of air distribution in grate furnaces:

.
V(x) = a

(
1− x

X

)
x exp

(
b

x
X

)
(2)

where:
a—empirical coefficients, m3/min2 or m3/m2;
b—empirical coefficients, dimensionless quantity;
x, X—variable specifying the fuel condition on the grate and its maximum value;
.

V(x)—air stream corresponding to the variable x;
with:

• in furnaces with a fixed grate, the following should be assumed: x = t; X = T, min,
• in a furnace with a movable grate: x = l; X = L, m,

where:
T—maximum fuel-stay time on the grate, min.,
L—active length of the movable grate, m.
The function

.
V(x) should satisfy the following conditions:

.
V(x = 0) = 0;

.
V(x = X) = 0.

The form of the function is characterized by empirical coefficients. The numerical
value of the factor b follows from the condition:

d
.

V(x)
dx

/x=RX = 0, (3)

where:
R—relative value of the variable x which defines the maximum stream of supplied air,

referenced to the value of X; a dimensionless quantity.
In turn, the numerical value of the coefficient “a” determines the relationship:

Vad =
∫ x=X

x=0

.
V(x)dx (4)

where:
Vad—total demand for combustion air resulting from the initial composition and

amount of fuel and from the ratio of excess air, m3.
Using Equations (3) and (4) we obtain:

b =
1− 2R

R(R− 1)
, (5)
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a =
Vad

X2·(Y1 −Y2)
, (6)

where:
Y1 =

1
b2 [(b− 1) exp(b) + 1] (7)

Y2 =

(
1
b
− 2

b2 +
2
b3

)
exp(b)− 2

b3 , (8)

When analyzing the system of Equations (2), (5) and (6), it can be seen that the
.

V(x)
curves of air distribution in grate furnaces are explicitly determined by the value of the
variable x = R and by the total combustion air demand Vad.

2.1.2. Determination of Total Emissions of Gaseous Combustion Products

The calculation dependencies given in the further part of the study apply to furnaces
with a fixed grate (x = t). They are also correct for furnaces with a mechanical grate, by
taking into account Equation (1) and by substituting the variable l instead of the variable t.

The emission of gaseous products is determined from the dependence:

.
mj,R(t) =

.
Vsp(t)ej,R(t) ≈

.
V(t)ej,R(t) (9)

where:
.

mj,R(t)—emission of the j-th gaseous product at time t for the R-variant of air separa-
tion stream, g/min or mg/min,

with: j ∈ [CO2, CO, SO2, NOx];
.

Vsp(t) —dry exhaust gas stream at time t for R-th variant of air separation, m3/min;
ej,R(t)—concentration of the j-th component in the dry exhaust gas, for the R-th variant

of air separation at time t, g/m3 or mg/m3.
In view of the difficulties with measuring the flue gas flow, it was assumed:

.
Vsp(t) =

.
V(t). This problem is discussed in more detail in Section 2.1.3.

The air distribution is zonal (see Section 2.4). The flow of air
.

Vi in the i-th zone is
constant but different between specific zones. The value of the air stream in the i-th zone is
determined using Equation (2), yielding:

.
Vi,R =

1
ti,k − ti,p

∫ ti,k

ti,p

.
VR(t)dt, (10)

where:
ti,p, ti,k—start and end value of time t limiting the i-th feed zone of air, min., i = (1 . . . I).
.

Vi,R—air stream in the i-th delivery zone, for the R-th variant of its distribution,
m3/min.

Air stream is a quantity that controls the combustion process. Its value results from
the distribution function (2). The compliance of the above air stream with the assumptions
should be controlled by measurement.

The concentrations of the i-th components of exhaust gas ej,R(t) are also measured.
Since the analyzer used to measure the concentrations shows average values in a specific
time step, the emission stream of exhaust gas components can be determined from the
following relation:

.
mj,R,i,n =

.
Vi,Rej,R,i,n, (11)

where:
.

mj,R,i,n —average emission stream of the j-th product, with R-th air separation, in the
n-th time step, g/min or mg/min;

ej,R,i,n —average concentration of the j-th exhaust component in the n-th time step, of
the i-th zone and the R-th variant of air supply, g/m3 or mg/m3;
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and:
n = (1 . . . N)
where:
N—number of time steps in the i-th air supply zone.
The total emissions of gaseous combustion products can be determined from the formula:

mj,R =
∫ t=T

t=0

.
mj,R(t)dt = ∆t

n=N

∑
n=1

.
mj,R,k = ∆t

i=I

∑
i=1

.
Vi,R

n=N

∑
n=1

ej,R,i,n, (12)

where:
.

mj,R—total emission of the j-th product, with R-th air separation, g or mg;
.

mj,R(t)—emission stream of the j-th product, with R-th air separation, at time t, g/min
or mg/min;

∆t—time step, min.

2.1.3. Determination of the Relative Uncertainty of the Assessment of Gaseous Emissions
of Combustion Products

The relative uncertainty of the assessment of the total emissions of gaseous products
(exhaust components) can be derived from the formula:

δmj,R

mj,R
=

√√√√( δ∆t
∆t

)2
+

(
δ .

V
.

V

)2

+

(
i=I

∑
i=1

Ni

)(
δe

em

)2
, (13)

where:
δmj,R —absolute error of the total emission assessment of the j-th exhaust component

for the R-th variant of air separation, g or mg;
δ∆t, δ .

V
, δe—absolute errors in the assessment of the time step, dry exhaust gas stream,

exhaust gas component concentration, respectively: min, m3/min, g/min or mg/min.
Taking into account the assumptions that the air stream and the dry flue gas stream

are equal, as specified in Section 2.1.2, one should take into account the error of the method.

Thus, the value
δ .

V.
V

in the Equation (10) can be determined from the formula:

δ .
V
.

V
=

√(
δex

.
V

)2
+

(
δm

.
V

)2
, (14)

where:
δex, δm—absolute error of the determination method of dry flue gas stream and the

measurement of air stream, m3/min.
In order to determine the error of the method, stoichiometric calculations were carried

out to determine the ratio α of the air stream to the dry flue gas stream, for exemplary fuels
and exemplary values of excess air ratio λ. The obtained values are given in Table 1.

As the table shows, the error of the method for the analyzed exemplary solid fuels for
λ = 1.0 is less than 4%, and it decreases with the increase of the excess air ratio. For the
value λ = 1.6, it does not exceed 2.5%. For the conducted research, it was 1.6%.

The remaining uncertainty assessments are based on relative measurement errors. For
the presented studies, they were less than 6%.

The relative uncertainty of the total emission of gaseous combustion products, deter-
mined according to the Equation (13), was less than 8%.
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Table 1. Calculated values of α (ratio of air stream to dry exhaust gas stream) for the exemplary fuels
and for the values λ = 1.0; 1.4; 1.6 (λ—excess air ratio).

Fuel Type Calorific Value MJ/kg
α

λ = 1.0 λ = 1.4 λ = 1.6

Anthracite 31.4 1.025 1.017 1.015
Fat coal 31.8 1.037 1.027 1.023
Gas coal 31.4 1.038 1.027 1.023
Lean coal 31.4 1.037 1.026 1.023
Gas coal * 26.8 1.020 1.014 1.014
Dried peat 13.5 1.029 1.020 1.018

Lignite 9.6 1.033 1.024 1.021
Sewage sludge * 10.3 1.043 1.030 1.025

Mix * of coal + sludge 24.5 1.022 1.016 1.014
*—fuel used in the presented research.

2.1.4. Determination of the Share of Combustible Parts in the Slag

In order to determine the proportion of combustible parts in the slag, the slag was
collected from the furnace chamber, from which, three samples weighing about 10 g were
collected after it was homogenized. In the samples, the combustible parts were determined
in accordance with PN-Z-15008-03:1993 [40]. The share of combustible parts was accepted
as the average value of these determinations. The average value of these determinations
was accepted as the share of combustible parts.

As to the share of combustible parts in the slag, the determination uncertainty of this
value was 5%. This value was based on the determinations carried out in an additional
series of 7 samples taken from the furnace chamber carried out for one of the tests. This
value was defined as the quotient of the standard deviation related to the mean value.

2.2. Research Stand

The laboratory stand used in the research enables the simulation of combustion processes
taking place in water boilers with a fixed grate and with a movable grate (e.g., belt grate). The
diagram of the test stand shown in Figures 1 and 2 presents the view of its most important part.
The main element of the stand is the combustion chamber consisting of two basic parts: the
upper and the lower part. In the lower part, it is possible to regulate the heating temperature of
the chamber up to 1200 ◦C. In the upper part, a water jacket is applied.

The lower part of the installation, due to the possibility of heating to a constant temperature,
enables the simulation of the vault ignition (afterburning) of a grate boiler. The heated chamber
walls also simulate the influence of the remaining parts of the real boiler on the combustion
fuel sample. The lower part of the test installation is designed to operate at temperatures up to
1800 ◦C. The upper part of the boiler allows the exhaust gas to be cooled in a manner similar to
that occurring in the upper part of the combustion chambers of water boilers.

In order to quickly load the fuel sample into the furnace chamber and to allow the fuel
to be placed on the grate, the grate is placed on a movable bed. The bed is pushed inside
after the lower chamber has been heated to the assumed temperature.

The combustion chamber is equipped with a number of measuring nozzles that allow
for temperature measurements and gas sampling at various points. The installation is
equipped with a system of devices enabling the control of the size of air stream and its
measurements. Due to the above-mentioned features, the installation enables the mainte-
nance of repeatable values of the regulated factors. In order to measure the composition
of the exhaust gases, samples were taken from a stub-pipe mounted in the chimney. The
stub-pipe was located near the top of the combustion chamber. The concentrations of the
analyzed gases were measured using the MGA 5 analyzer by MRU GmbH (Neckarsulm
Germany). The analyzer measured CO2, CO, NO, and SO2 concentrations using infrared
sensors. Additionally, in the case of NO2, the analyzer was using a catalytic converter. The
accuracy of the exhaust gas analyzer was ±5% of the measured value [41].
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2—valve, 3—moveable bed with grate, 4—grate, 5—surge tank (firepan), 6—rail, 7—air supply noz-
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Figure 2. View of the test stand: 1—lower part of the stand (heated), 2—upper part of the stand 
(water-cooled), 3—movable bed with a grate (inserted), 4—connection point for the primary air duct, 
5—water/air heat exchanger (cooler), 6—measurement point of exhaust gas composition, 7—raised 
furnace closure (lowered for the heating time of the stand). 
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2—valve, 3—moveable bed with grate, 4—grate, 5—surge tank (firepan), 6—rail, 7—air supply nozzle,
8—heating element (electrical), 9—water jacket, 10—discharge tunnel, 11—measurement probe,
12—probe head, 13—heated hose, 14—electric cables, 15—cooling water circulation, 16—water/air
heat exchanger (cooler), 17—circulation pump, 18—surroundings.
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2.3. Research Material

The research presented in this study concerns the co-firing of sludge with the compo-
sition given in Table 2 and hard coal with the composition shown in Table 3. The co-firing
process was carried out in the furnace shown in Figure 1 (a fireplace with a fixed grate).
The proportion of sludge in the burnt mixture was 15%, and the proportion of moisture in
the sludge was 40%. The remaining parameters of the process were as follows: the initial
thickness of the fuel layer on the grate was 10 cm, the theoretical ratio of excess air to
combustion was 1.4, and the duration of the process was 40 min.

Table 2. Selected parameters of sludge used in the tests (d.w.—dry weight).

Specification Unit Values Stand. Dev. Determination
Method/Standard

Calorific value d.w. kJ/kg 10,330 680 PN-ISO 1928:2002 [42]

Combustible parts % d.w. 62.04 0.61 PN-Z-15008-03:1993 [40]

Elementary composition:

Carbon % d.w. 30.13 0.72 PN-Z-15008-05:1993 [43]

Hydrogen % d.w. 4.35 0.34 PN-Z-15008-05:1993 [43]

Nitrogen % d.w. 3.67 0.26 PN-G-04523:1992 [44]

Sulphur % d.w. 1.41 0.16 PN-ISO 334:1997 [45]

Oxygen % d.w. 19.30 0.85 Calculation method *
* oxygen content = 100%−carbon content %−hydrogen content %−nitrogen content %−sulfur content %−content
of noncombustible parts %.

Table 3. Selected parameters of coal used in the research.

Specification Unit Values Stand. Dev. Determination
Method/Standard

Calorific value d.w. kJ/kg 26,790 2040 PN-ISO 1928:2002 [42]

Combustible parts % d.w. 93.65 0.104 PN-Z-15008-03:1993 [40]

Elementary composition:

Carbon % 73.01 0.97 PN-Z-15008-05:1993 [43]

Hydrogen % 4.57 0.08 PN-Z-15008-05:1993 [43]

Nitrogen % 1.53 0.04 PN-G-04523:1992 [44]

Sulphur % 0.37 0.01 PN-ISO 334:1997 [45]

Oxygen % 9.66 1.01 Calculation method *

Humidity % 4.79 0.25 PN-G-04511:1980 [46]
* oxygen content = 100%−carbon content %−hydrogen content %−nitrogen content %−sulfur content %−content
of non-combustible parts %−humidity content %.

2.4. Distribution of Primary Air

Under the above-mentioned conditions, the tests were carried out for three variants of
air stream distribution, which involved the relative version R ∈ [1/6, 5/12, 2/3], which in
order to obtain absolute values should be multiplied by T.

In Figure 3, for the aforementioned R values, theoretical air stream distributions,
determined according to the Equation (2), taking into account the dependencies (5) and
(6), are presented. Figure 4 shows air streams in individual zones during the carried-out
tests, which simulate the air flow distribution curves described by the Equation (2), for the
R values taken into account. In each variant, the air was fed into 5 zones.
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2.5. Sequence of Procedures in the Determination of Gaseous Products of the Combustion Process

• The following part of the article presents the results of tests carried out in compliance
with the following procedure:

• Based on the composition and amount of the tested fuel and on the assumed ratio of
excess air, the total amount of supplied air (Vad) was calculated.

• For the assumed value of R, the air stream distribution in time
.

V was determined in
line withEquation (2) (Figure 3).

• Based on the Equation (10), the average values of air streams in individual zones
.

Vi,R
were calculated (Figure 4).

• The air streams, equal to the calculated values, were blown into the combustion
chamber (they were controlled by means of rotameters).

• During the tests, the concentrations of the analyzed exhaust gas components were
measured ej,R,i,n; the measurements were made in subsequent time steps in individual
zones (using an analyzer).

For the values of air streams and concentrations of exhaust gas components resulting
from the measurement, from Equation (11), taking into account Equation (9), the emission
streams of exhaust gas components were calculated.

3. Results
3.1. Emission Streams of Exhaust Gas Components

The following was assumed in the calculations: I = 5, N = 8, ∆t = 1 min, and R ∈ [1/6,
5/12, 2/3]. The obtained results are shown in Figures 5–8, respectively for CO2, CO, NOx,
and SO2. Each figure shows the emission streams corresponding to the three analyzed air
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distributions R. The information provided in the figures demonstrates the impact of air
distribution both on the values of the emission streams of exhaust gas components obtained
during the combustion of fuel and on the dynamics of the changes of these streams (i.e.,
their changes over time).
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3.2. Total Emissions of Gaseous Combustion Products

The total emissions of the analyzed exhaust gas components were determined from
the dependence (12) based on the above-mentioned measurement results and the adopted
assumptions. The geometrical interpretation of the total emission of exhaust gas compo-
nents is expressed by the fields under the graphs defining the emission stream of these
components (see Figures 5–8). The obtained results are presented in Figure 9.
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Figure 9. Curves describing changes in total emission of CO2, CO, NOx, and SO2 as a function of
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R parameter).

The dashed lines show the trend lines extrapolated beyond the test range (by the value
of 0.1 of the parameter R).

3.3. Determination of the Share of Combustible Parts in the Slag

The contents of the combustible parts in the slag, measured for the three considered
air distributions, are presented in Figure 10. The dashed line shows the trend line, which is
the extrapolated trend line beyond the scope of the tests (by 0.1 of the R parameter).
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4. Discussion

The following discussion is based on the results of the research carried out in a furnace
chamber with a fixed grate, working at the operating parameters given in Section 2 of
this paper.

The changes in air streams introduced during the tests caused disturbances in the
combustion process, which contributed to the irregular course of the streams of gaseous
emissions of exhaust gas components.

In the case of the curves showing the changes in CO2 (Figure 5), the relationship
between gas emissions and the changes in the primary air stream is clearly visible. And
with the increase in parameter R, the occurrence of the largest CO2 stream is increasingly
ahead of the moment of maximum air stream supply.

Almost the entire emission of CO (Figure 6), regardless of the distribution of the
supplied air, takes place up to the moment of the largest stream of supplied air (approx.
to 8, 16 and 20 min, respectively). The combustion process with air separation, for which
R = 1/6, is characterized by the shortest duration of high CO emissions and the lowest total
emissions of CO2 and CO. This may be the reason to conclude that the large air stream at
the beginning of the combustion process did not allow the fuel to be properly ignited. For
this reason, the amount of air quickly turned out to be sufficient to completely burn down
the occurring CO to CO2.

The largest streams of NOx emission (Figure 7) are accompanied by a rapid decrease
in the stream of CO emission. The above observation is consistent with the results of the
research presented in [20,47,48].

The shapes of the curves showing changes in SO2 emissions (Figure 8), in the case
of combustion processes with air distribution for R = 1/6 and R = 2/3, approximately
correspond to the shapes of the curves showing changes in CO2 emissions (it is most
evident in the case of air separation for R = 2/3). For the third combustion process, the
discussed relationship can be observed only after 13 min.

The information provided in Figures 9 and 10 shows that within the range of the ana-
lyzed air distribution R from 1/6 to 2/3, as it increases, a rise in the emissions of CO2, CO
and SO2 was reported, respectively by 53%, 125%, and 27%, as well as a drop of NOx emis-
sion and the share of combustible parts in the slag by 12% and 79%, respectively. This allows
us to assess the impact of air distribution on incomplete and fragmentary fuel combustion
and to evaluate the ecological harmfulness of the conducted combustion processes.

The following general comments and observations result from the conducted analyses:

• The generalized air distribution curve corresponds well with the practical methods of
air supply (distribution) in industrial grate furnaces.
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• The time or place of supplying the maximum air stream and its total demand are
sufficient parameters to determine the shape of the air distribution function.

• Air distribution has a significant impact on the quantity and quality of gaseous and
solid products of the combustion process.

• By applying the proper air distribution, it is possible to significantly reduce the
emission of selected gaseous substances and to increase the energy efficiency of the
furnace operation.

• In order to determine the most advantageous location of the maximum stream, the
furnace characteristics should be determined each time for a given fuel (e.g., coal with
specific properties).

When analyzing the obtained measurement results, one should notice the presence of
too-high contents of combustible parts in the slag and the related too-low values of CO2
emission. It is caused by too short fuel combustion assumed in the tests. The resulting fact
made it possible to more clearly demonstrate the influence of the method of air supply in
the grate furnace on the emission of solid and gaseous fuel combustion products.
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