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ABSTRACT
The paper discusses some practical problems conected with introdction of modern coal
combustion technologies as well as biomass co-combustion. In order to ensure that the
combustion process runs in a proper way, the multichannel fiber optic monitoring system was applied. The system converts the optical signals coming from several flame
zones to electrical that were further transmitted to the control room. The article prsents
signal analyses made in time-frequency domain using short-time Fourier transform
and wavelet transform and the way of their visualization to power boiler operators.
Keywords: combustion process, fiber optic probe, signal analysis.

INTRODUCTION
The growing population of Earth and civilizational development are both connected with
an increase in the demand for electricity and
thermal energy. To date, these have mainly been
produced in thermal energy systems, due to the
common usage of fossil fuels. This leads to a
substantial depletion of natural resources and
pollution of the atmosphere. Increasing costs of
living – a major part of which includes the cost
of energy – are mainly experienced by average
people (Pawłowski & Pawłowski, 2016). Ensuring adequate primal energy supply is a task which
requires rationalization of energy resource management. Restoring and developing its production
potential becomes a necessity. Simultaneously, a
lot of attention is drawn to the mitigation of harmful impact on the natural environment. Therefore,
implementation of sustainable development necessitates introducing new technologies related

to the production of energy carriers, including
the ones involving renewable energy sources
(Czaja & Kwaśniewski 2016).
The current energy system is a result of decisions made many years ago. Hence, it needs to be
modernized, taking into consideration diversified
sources of energy.
The climate objectives (known as “3×20”),
which were adopted in 2008 by the European Parliament, show the assumptions of a new energy
policy. It involves limiting the energy consumption
and greenhouse gases emissions by 20%, as well as
increasing the share of renewable energy sources
by 20% till the year 2020. Implementation of these
objectives in the domestic energy economy requires modernization and restoration of the production potential. The most important trends include:
•• reducing the share of black and brown coal in
the total primary fuel consumption,
•• increasing the use of gas fuels (mainly natural
gas),
273

Journal of Ecological Engineering Vol. 18(1), 2017

•• increasing the share of co-generation,
•• increasing the share of renewable fuels (including biomass and waste),
•• decentralization of energy system through the
introduction of distributed generation,
•• utilizing
highly
efficient
low-carbon
technologies.
Realization of these assumptions requires
huge investments. Technologies which reduce
the emission of greenhouse gases and utilize renewable energy sources are characterized by high
costs. This limits their applications.
The costs related with the development and
use of new technologies in an energy system can
be considered the cost of sustainable development which must be borne by the society.
Biomass is the basic source of primary renewable energy both in Poland and European Union.
It replaces fossil fuels in thermal energy systems.
Its high availability and low cost significantly influences the possibility of its application for energy generation [Saidur, 2011].
Usage of solid fuels for energy generation is
the fastest developing sector of energy economy
in Europe. In Poland, the availability of biomass
is relatively high in relation to other renewable
energy sources. It is used for energy generation
through direct combustion process in various
boilers. In recent years, methane fermentation in
biogas plants and thermal gasification has become
increasingly popular. Gasification usually denotes
thermal processing of biomass, which comprises
the following processes:
•• drying and heating;
•• pyrolysis (degasification);
In the course of pyrolysis, volatile gaseous elements are released at elevated temperatures
in the absence of oxygen. The process temperature ranges from 200 to 600°C. The products
include:
− artificial artificaial solid fuel (semi-coke,
coke) with negligible amount of volatiles,
− liquid products in the form of tar and gas
liquor
− combustible gas, mainly comprising: CO2,
CO, CH4, H2, and H2O. It also contains
higher hydrocarbons which create, socalled, tarry substances.
•• gasification.
Gasification of carbonized and degassed
solid and liquid fraction involves numerous exothermic and endothermic chemical reactions (in
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oxygen deficient environment), coupled with heat
and mass exchange processes. Combustible components such as CO, H2 and CH4 are created as a
result. The temperature in gasification process is
usually higher than 750 °C [Komada et al. 2016;
Komada & Cieszczyk 2013; Wojcik et al. 2005].
Previous experiments indicate that due to
the necessity of ensuring high reliability of and
availability of the system, only certain types of
biomass are suitable for thermal gasification. The
most used ones include: firewood, waste wood
produced in the course of technological processes, wastes from agricultural and lumber production, municipal waste and waste fuels (pellets),
sewage and paper sludge, wood cuttings, energy
crops, imported resources (e.g. nutshells, exotic
tree wastes) [Mukhanov et al. 2012]. At present,
wood in different forms is the most commonly
used material.
Despite numerous advantages of biomass
gasification systems, biomass is used most often
in co-combustion in large boilers, both in commercial and industrial power industries. Relatively high efficiency of power production constitutes
the advantage of direct biomass co-combustion in
large energy plants.
As it was mentioned earlier, utilizing biomass
as an important renewable energy source can be
considered in many aspects determined by costs.
The co-combustion of biomass and coal dust constitutes the simplest and least expensive process.
It is assumed that the content of biomass lower
than 10% – with prior pulverization in a mill –
enables co-combustion in a coal boiler. Certain
problems arise due to its low susceptibility to pulverization. Biomass content greater than 10% requires initial pulverization and supply to burners,
followed by thorough milling. Unfortunately, the
20% is a maximum value, which should not be
exceeded, otherwise resulting in lower efficiency
of devices and operational hazard. Employing an
additional installation for processing the biomass
into biogas combusted in a special burner constitutes an alternative solution. The produced heat is
then used in the existing boiler.
Biomass can also be utilized in distributed
generation. Important issues include highly efficient production of electricity employing fuel
cells powered by gas obtained through gasification [Spallina et al. 2015] and employing biogas
in combustion car engines that power generators
[Hagos, Aziz, Sulaiman 2014]. The efficiency of
electricity production can reach 60% with the
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use of fuel cells and 40% in the case of combustion engine. Unfortunately, raw gas obtained by
means of a gasifier must be purified prior to being
used in most applications. Purification is carried
out to ensure uniform quality of the biogas used
in other processes and involves dust and tar removal. It should be noted that the presence of tars
in a gas is not always unfavourable. Tars, being
hydrocarbons, are characterized by high calorific
value that is advantageous for the calorific value
of the gas itself. However, utilizing tars necessitates supplying them right to the destination place
of gas. This means that the temperature in the entire system needs to be maintained at 400–500°C.
It can be achieved fairly easily when gas is combusted in burners. Unfortunately, in the case of
other applications, it is necessary to remove tars
in an additional installation.
The use of biomass in industrial plants usually comes down to supplying it in solid form into
a powdered-fuel burner, with prior pulverization
in a mill or in the course of gasification and combustion of raw biogas in special burners installed
in a boiler. It should be noted that the energy parameters are variable, which in turn impacts the
combustion process. In order to increase the efficiency of coal combustion and its co-combustion
with biomass, especially in conjunction with lowcarbon combustion technologies, it is necessary
to employ monitoring and diagnostics systems.
This is especially vital with high variability of
boiler operation and its regulation when the efficiency drops below 50%.

LOW-CARBON TECHNIQUES OF
COAL DUST COMBUSTION AND
CO-COMBUSTION WITH BIOMASS
In industrial burners, the rate of fuel outflow
is so high that turbulent flow appears already at its
outlet. Momentary values of flow parameters are
not constant, but rather revolve around the mean
values. These changes are caused by periodically
occurring vortices of different sizes that move in
a chaotic manner. Increase in the intensity of mixing is the most important feature of turbulent flow.
In a turbulent flame, the gradients of all scalar values are raised, along with the intensity of molecular transport. In a turbulent vortex flame, there is
no simple model which would enable its analysis.
Therefore, determining the experimental parameters of coal, as well as – in the case of co-

combustion – biomass combustion process, becomes an urgent matter. No theory can be applied
in practice without these parameters, because a
correctly conducted combustion process, carried
out by means of a burner and combustion chamber, is an economical and ecological condition of
utilizing coal and biomass in utility boilers.
From the ecological point of view, so-called
low-carbon combustion technology constitutes an
important improvement for conducting the combustion process.
Low-carbon combustion technology
The main pollutants produced in the course of
combustion process include:
•• carbon dioxide (CO2),
•• sulphur dioxide (SO2),
•• nitrogen oxides (NOX).
Limiting the emission of carbon dioxide produced in combustion process is a very difficult
task, because all fossil fuels contain carbon. It
can be assumed that substituting part of carbon
with biomass would lower the emission, as it is
generally understood that combustion of biomass
is characterized by zero CO2 emission (although,
taking into account the energy used for its preparation for combustion, this statement is not entirely true). However, the most efficient method
for mitigating CO2 emission involves rationalization of energy consumption, e.g. by employing
energy-saving technologies and improving the efficiency of electricity and thermal energy production by means of the combustion process.
Sulphur oxides constitute a significant
share of the atmospheric air pollution, causing
acid rains what have a negative impact on the
environment. Moreover, their corrosive nature
contributes to accelerated wear of boilers and
turbines. Lowering SO2 emission is conducted
in special desulphurization plants. As its residence time in the atmosphere ranges from 24
hours to 4 days, it can be moved over a considerable distance.
Nitrogen creates nitrogen oxides, from NO to
N2O5, but only three of them, i.e. N2O, NO and
NO2, can be created through combustion. Their
properties differ, for instance N2O is not poisonous and is used in medicine as an anaesthetic.
The process of combustion yields the greatest
amounts of NO and small amounts of NO2. The
notion of NOX, which corresponds to a mixture
of NO and NO2 (sum of NO+NO2 per NO2), is
employed in combustion technology. Nitrogen
275
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oxides NOX contribute to the local air pollution
to the greatest degree, leading to creation of acid
rains, photochemical smog, and the ozone hole.
Mitigation of NOx emission in the combustion
process can be realized:
•• inside the boiler,
•• outside the boiler.
The first group includes:
•• low-carbon combustion technology, so-called
primary methods
•• methods involving introduction of additional
reducing agents, e.g. ammonia or urea,
In the second group, NOX is removed from the
exhaust gases by means of catalytic reductions:
•• selective (SCR),
•• non-selective,
as well as absorption methods.
Employing primary methods, despite having
the lowest efficiency of NOX emission removal,
became the most common solution owing to their
low cost.
Low-carbon combustion technology involves
organizing the process in the way that ensures reduced NOX emission in comparison to the conventional combustion system.
This can be carried out by:
•• lowering the combustion temperature,
•• changing the air distribution,
•• changing the combusiton aerodynamics,
•• utilizing the reducing properties of so-called
rich flame.
In the case of coal dust combustion, especially in co-combustion with biomass, lowering the
temperature is limited by the possibility of losing the process stability. This is particularly important when a boiler operates at efficiency lower
than 50%. Low-carbon combustion with gradable
air supply involves creation of two zones in the
combustion chamber:
•• rich (λ < 1),
•• poor (λ > 1),
where λ stands for the stoichiometric coefficient.
In the first zone, combustion occurs in oxygen deficient environment. Thus, a reducing
zone with lowered temperature is created. Afterburning with controlled oxygen excess takes
place in the second zone. This method has the
greatest impact on the scale of NOX emission reduction in the rich combustion zone. During the
thermal decomposition of fuel, the fuel-nitrogen
CN transforms into volatile products of its de276

composition, i.e. simpler nitrogen compounds.
Flammable hydrogen cyanide (HCN) and ammonia (NH3), which may be oxidized to NOX
in the presence of oxygen, are most common.
In the rich zone, due to oxygen deficiency, the
bulk of HCN and NH3 is converted to N2, as well
as nitrogen and amine radicals (N, NH, NH2),
which are capable of reducing NOX. Attention
should also be drawn to the role of hydrocarbon
radicals CH, found in significant concentration
in the combustion zone. They are characterized
by a great NOX reduction capacity, but unfortunately, this reaction also yields HCN.
In the second zone (where afterburning occurs) a small excess of oxygen is found. This results in the oxidation of HCN and NH3 from the
first zone into NOX. The efficiency of NOX mitigation carried out with air gradation method is influenced by the conditions in the first rich zone.
These mainly include:
•• residence time, which should not be shorter than
1 s (primarily depending on the boiler output),
•• air excess coefficient λ, which should approximate 0.7–0.8 (air excess greater than 0.8 raises
NOX generation in the first zone, while lower
than 0.7 increases the HCN and NH3 share in
the first zone, which are subsequently oxidized
to NOX in the second one).
Employing low-carbon combustion technologies, especially in the case of coal dust co-combustion with biomass which is often insufficiently
pulverized, results in the occurrence of side-effects involving:
•• low-oxygen corrosion,
•• increase of combustible elements in ash and
slag,
•• greater CO share in exhaust gases,
•• greater fouling
•• accelerated erosion of burner system,
•• deterioration of combustion stability.
In spite of these disadvantages, the low-carbon combustion technology is widely-employed,
while the current directions of research strive for
the minimization of its costs. This objective is
realized through the use monitoring or monitoring and diagnostics systems – which evaluate the
operation of individual burners – as well as the
systems controlling the information found in the
flame [Smolarz, Lytvynenko, Koshukova 2013;
Smolarz, Wójcik, Gromaszek 2012; Sawicki et
al. 2016; Mashkov, Smolarz Lytvynenko 2016;
Wojcik, Golec, Kotyra, Komada 2004].
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THE SYSTEM FOR MONITORING AND
DIAGNOSTICS OF COMBUSTION
PROCESS IN INDUSTRIAL CONDITIONS
The combustion process is determined by a
number of factors. The most important ones include:
•• the nature of fuel and air mixture flow through
the reaction zone, which has a significant influence on the exchange processes of mass,
heat, and momentum;
•• the mixing degree of oxidizing agent and fuel
at the reaction zone inlet.
In industrial conditions, the fuel and oxidizing agent are usually not thoroughly mixed in the
burner. They are usually supplied in the form of
so-called primary air (fuel, usually coal dust or
a mixture of coal dust and biomass, mixed with
a small amount of air enabling transportation in
dust pipes and the burner itself) and so-called secondary air (the air necessary for combustion). In
technical conditions, the amount of primary and
secondary air is insufficient for total combustion;
therefore, additional air is supplied through OFA
and SOFA nozzles. They provide a small excess
of air in the afterburning zone (λ > 1), enabling total combustion, which yields CO2. Unfortunately,
total combustion is not achieved in this process,
and the underburnt remains may reach up to 5%.
In the case of coal dust combustion or its cocombustion with biomass in industrial combustions, the flow at the burner outlet is turbulent.
Controlling the combustion process in such conditions is extremely difficult [Bayas et al. 2016].
Additionally, attention should be drawn to the
fact that at present, there is no direct measurement
of the primary air supplied to the burner. This
amount is estimated in a collective dust pipe on
the basis of the mill fan load. As multiple burners
are supplied from one dust pipe, the primary air
is distributed in an uneven manner. This in turn
impacts the efficiency of the combustion process
[Pronobis, 2006]. Due to the common pipe, measurement of parameters at the outlet of the combustion chamber yields not only belated, but also
averaged results, with no possibility of detecting
incorrect operation of a single burner [Smolarz
et al. 2012, Mashkov et al. 2014]. Hence, effort
should be made to equip each burner with separate monitoring and diagnostics systems, which
would constitute an important step towards improving the process efficiency [Sami et al. 2010;
Gozhyi et al. 2012; Kotyra 2014].

The solutions that utilize the following technologies can be employed [Docquier & Candel 2002]:
a) fibre-scopes and CCD/CMOS cameras, which
enable monitoring the selected combustion
zone on a screen [Kotyra et al. 2014, Jiang,
Luo, Zhou, 2009, Sawicki, Kotyra 2014],
b) analysis of free radicals in a specified flame
zone [Smolarz, Ballester, Garcia-Armingol
2013, Cięszczyk 2013],
c) fibre-optic systems which enable evaluation
of burner operation in the combustion process
on the basis of changes in the illumination intensity of flame in a selected zone, both in the
amplitude and frequency [Kotyra et al. 2013],
d) spectral analysis of the combustion process
[Cięszczyk et al. 2016].
A monitoring and diagnostics system should
also be applicable for the boiler lighting-up,
which consists of the following phases:
•• switching on of the gas lighting-up burner,
•• switching on of the mazut burner,
•• switching on of the dust burner,
Therefore, the solution no. 3, which seems
most flexible, was chosen. The system comprises
a multi-channel fibre-optic probe placed directly
in the combustion chamber and an optoelectronic
block which enables conducting a preliminary
analysis of measurement data.
The spectral characteristics of radiation pertaining to various fuels differ significantly from
one another. Therefore, a detector which would
enable monitoring of each of them was required.
Taking into account that the probe is placed inside
the combustion chamber, where the temperature
reaches 450–500°C, a high temperature-resistant
fibre-optic that enables continuous operation at
700°C was used [Dziubiński et al. 2016]. Such
placement of the probe exposes it to hot solids.
Hence, an additional quartz cover was used for
the protection of the fibre-optic (better results
could have been achieved with sapphire cover;
unfortunately, it was much more expensive).
Moreover, it was assumed that the probe would
operate without maintenance for at least a month.
The employed special cleaning air was characterized by much lower temperature than the one
inside the boiler, which resulted in slagging that
necessitates a relatively frequent cleaning of the
measurement probe (every several days).
In order to determine the number of channels
in the probe, it was necessary to select the zones
which were most sensitive to changes in the input
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signals. On the other hand, optimizing the design
was required to ensure maintenance-free operation.
By employing the finite element method,
the measurement probe was optimized, while
the preliminary studies enabled to determine the
area of monitoring zone nad the number of the
zones used in diagnostics process. An optimized
fibre-optic probe with optoelectronic block was
presented in Figure 1, while the placement of fibre-optic probes in boilers equipped with: a) wall
mounted burners, b) tangentially fired boilers are
depicted in Figure 2 [Wojcik et al. 2004; Wojcik,
Golec, Kotyra, Cieszczyk, Duk, Komada 2004].

MEASUREMENT RESULTS
The analysis of flame signal – proportional
to the changes of its temperature –measured by
means of a monitoring-diagnostics system, led to
the determination of its range and rate of its variability. Exemplary results of these studies were
presented in Figures 3÷6.

Figure 1. Fibre-optic probe with the optoelectronic
block

Figure 2. Placement of the fibre-optic probes in:
a) boilers with wall mounted burners,
b) tangentially fired boiler
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The time series are difficult to interpret; therefore, they were analyzed with continuous wavelet
and Fourier transforms [Wojcik et al. 2001]. The
results of wavelet analysis are presented in Figures 8–11, whereas the results of Fourier analysis
are depicted in Figure 12.
As can be seen, the physical analysis of signal
variability is difficult; thus, practical application
in the form of a bar chart with limits of parameters marked is proposed as a solution. Examples
were presented in Figure 14. On the other hand,
Figure 15 shows the impact of the fuel type on the
monitoring-diagnostics signal.
The analysis of the presented signals indicates
that the output of monitoring-diagnostics system
is sensitive to changes in parameters.

CONCLUSIONS
The conducted review and experiment results
enable to formulate the following conclusions:
1. Optimized, fibre-optic monitoring-diagnostics
system for the combustion process may operate in industrial conditions without maintenance for at least a month (the trials carried out
in the industrial plant allowed for a successful
three months of maintenance-free operation);
2. The obtained signals enabled to conduct more
advanced analyses (Fourier and continuous
wavelet transforms) which allowed to determine the impact of process factors on their
variability with greater accuracy;
3. Employing a monitoring-diagnostics system
ensures smooth operation of burners through
uniform distribution of fuel (analogous points
of operation and their stabilization);
4. Ensuring stable and smooth operation of burners leads to greater efficiency of the combustion process in industrial boilers, which is especially important in the case of coal dust and
biomass co-combustion;
5. Fibre-optic monitoring-diagnostics system can
also be used during firing-up of the boiler, as it
distinguishes between both the gas and mazut
flames, thus shortening the start-up phase;
6. The signals from fibre-optic monitoring-diagnostics system are characterized by a
minimal lag (lasting approximately for several
dozen ms) in comparison with the process parameters variability signals (up to several minutes) and can be used in combustion process
regulation systems.
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Figure 3. Changes of the selected settings of laboratory combustion facility during the selected test: 1 – rotations
of the primary air fan (rpm); 2 – rotations of the secondary air fan #1(rpm); 3 – rotations of the secondary air fan
#2(rpm); 4 – the balance redouts (kg); 5 – fuel flowrate (kg/min); 6 – temperature inside the combustion chamber
(°C), 7,8,9 – flue gas temperatures at different points of the exhaust manifold system (°C), 10 – rotations of the
fuel screw conveyor (rpm).

Figure 4. An examplary signal obtained from flame
monitoring-diagnostics system – channel 1

Figure 5. An example signal obtained from flame
monitoring-diagnostics system – channel 2

Figure 6. An example signal obtained from flame
monitoring-diagnostics system – channel 3

Figure 7. An example signal obtained from flame
monitoring-diagnostics system – channel 4
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a)

b)

c)
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Figure 8. Signals obtained from flame monitoring-diagnostics system for further analysis:
a) channel 1, b) channel 2, c) channel 3, d) channel 4

Figure 9. Scalogram obtained for continuous wavelet
transform of signal that was acquired from the flame
monitoring-diagnostics system – Daubechies 2 wavelet, channel 1
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Figure 10. Scalogram obtained for continuous wavelet transform of signal that was acquired from the
flame monitoring-diagnostics system – Daubechies 4
wavelet, channel 1
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Figure 11. Scalogram obtained for continuous
wavelet transform of signal that was acquired from
the flame monitoring-diagnostics system – Symlet 2
wavelet, channel 4

Figure 12. Scalogram obtained for continuous wavelet transform of signal that was acquired from the
flame monitoring-diagnostics system – Daubechies 4
wavelet, channel 4

a)

b)

c)

d)

Figure 13. Short-time Fourier transform spectrograms for the selected signals (fig. 8) obtained when Blackmann
window was applied (2000 samples) with sampling frequency of 100Hz:
a) channel 1, b) channel 2, c) channel 3, d) channel 4
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Figure 14. Combustion proces visualisation for different flame zones: A – signal level, B – the signal variable
component, C – number of the signal variable component transitions through its average value, D – number of
changing the sign of the signal derivative

Figure 15. Signals obtained from the combustion monitoring-diagnosis system when mazut burner is switched
on (A) and switched off (B).
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