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Abstract: The technology of waste-management thermal processing may pose a threat to the natural
environment through the emission of harmful substances, such as CO, NOx, SO,, HCI, HF, total
organic carbon (TOC) and dust, as well as dioxins and furans. Due to the advantages of thermal
waste treatment, including the small volume of solid residue produced and possible thermal energy
recovery, thermal waste treatment is widely applied. Continuous research is necessary to develop
methods for reducing the risk of harmful substances being produced and methods for the effective
removal of pollutants resulting from flue gases. This paper presents an analysis of the results and
conditions of the experimental redesign of a thermal industrial waste (polypropylene) treatment
plant. The purpose of the redesign was to improve the quality of gasification and afterburning
processes taking place in the combustion and afterburner chambers (through the installation of
an additional section), thus resulting in a reduction in the concentrations of CO and total organic
carbon (TOC) in flue gases. The research concerned a facility implementing the combustion process
on an industrial scale. The experiment led to a reduction in the average concentrations of carbon
monoxide from 16.58 mg/m?3 to 3.23 mg/m? and of volatile organic compounds from 2.20 mg/m? to
0.99 mg/ m3. At the same time, no deterioration was observed in any of the remaining technological
parameters of the plant, such as waste combustion performance and the energy efficiency of the
thermal energy recovery system.

Keywords: waste thermal treatment; flue gas treatment; air pollution; rotary kiln

1. Introduction

Thermal treatment is a basic method for the protection and management of different
types of waste. It is characterized by its production of a relatively small volume of solid
residues (ash) and by the possible recovery of otherwise wasted thermal energy. This
technology, however, may pose a threat to the natural environment through the emission
of harmful substances and compounds. Therefore, it is necessary to carry out research on
methods and design solutions aimed at reducing the above hazards. Additionally, strict
regulatory restrictions have been introduced, and best available techniques (BAT) have
been promoted, within the European Union to enforce the appropriate quality of waste
treatment processes [1-3].

A review of the literature shows that intense research on methods for limiting the
emission of pollutants into the natural environment has been conducted all over the world.
Some papers concentrated on an analysis of hazards and a reduction in emissions for
small-scale waste treatment facilities [4,5]. Various studies on large-scale facilities have also
been conducted [6,7]. This includes, for example, plants intended to treat food-industry
waste [8-11] and hospital waste [12-14]. In some studies, models of the interdependence
between combustion-process emission parameters and other important factors, such as
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waste-to-energy, were highlighted and presented [15-20]. Examples of methods for reduc-
ing the emission of harmful compounds are included in the articles [21-23].

This article presents an analysis of a case in which the emission of harmful substances,
such as total organic carbon (TOC) and carbon monoxide (CO), was reduced in a thermal
industrial waste treatment plant. When cleaning flue gases, primary methods (preventing
the generation of flue gases) and secondary methods (involving the removal of pollutants
resulting from flue gases) are applied. The theoretical basis and the characteristics of
methods employed in the tested facility are shown in Section 2.

The aim of the modernization was to reduce the average daily concentration of CO
and TOC as much as possible. The legal regulations indicate the maximum permissible
average daily concentrations for these substances (50 mg/m? for CO and 10 mg/m? for
TOC). If these levels are exceeded, loading into the installation is stopped, and a financial
penalty is charged. There is also a fee for environmental pollution resulting from the
amount of emitted harmful substances. It is advisable to search for design solutions that
limit the probability of emission of these harmful compounds to the environment.

An improvement in the flue-gas-afterburning process efficiency (primary method)
was verified in the described research. This process takes place in the afterburner chamber.
The primary technological factors affecting the quality of that process are the residence
time of flue gases in the afterburner chamber, the temperature and the chamber shape.

This research was conducted in a facility implementing the combustion process on an
industrial scale. The analyzed thermal waste treatment unit was located on the premises of
an industrial plant with technological lines for manufacturing polypropylene film tapes.
With an incineration plant located next to the facility, it is possible to efficiently use the
production and external waste to obtain thermal energy for heating the thermal oil used in
the production process. The tested thermal waste treatment plant consists of the following
components: a waste-loading section; a rotary kiln for preliminary waste gasification; an
afterburner chamber (thermal reactor); a NOx reduction unit (urea dosing); a thermal
energy recovery section (thermal oil boilers); SO,, HCl, and HF (sorbent dosing) reduction
units; a cloth filter for removing solid particles from flue gases; and a continuous flue-gas
monitoring unit installed on the funnel.

The tested installation was rebuilt, the rotary combustion chamber was enlarged, and
an additional section for the afterburning chamber was installed (Figure 1). In order to
evaluate the efficiency of the applied solution, a comparative statistical analysis was carried
out for two periods (about 60 days) before and after the modernization. The technological
parameters of operation of the incineration plant and the concentration of pollutants in the
flue gases emitted to the atmosphere were recorded during these periods.
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Figure 1. Rotary combustion chamber and afterburner chamber with additional section.
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2. Possibilities for Reducing Emissions of Harmful Substances
2.1. Loading Waste

A method used for reducing the risk of harmful substances being generated during
waste incineration is the automatic control of loading through a programmable logic
controller (PLC). In the process of loading, waste is delivered to the loading chamber
of the rotary kiln using a lift. Then, it is moved into the combustion chamber using a
hydraulic piston. The waste is loaded on a cyclical basis. The mean loading frequency is
approximately 15 min, while the average weight of one load is 50 kg.

The automatic control system limits the emission of dust and carbon monoxide by
blocking the loading operation under the following conditions:

- During start-up, when the required temperatures in the rotary kiln and the afterburner
chamber are too low;

- During operation, when the required temperatures exceed the maximum values or
when the permissible amounts of pollutants emitted into the air are exceeded;

- When the proper loading cycle is not maintained;

- When the excessive weight of a single load causes an intensification of the combustion
process in the initial part of the rotary kiln, resulting in a periodic drop in O, content
in the rotary kiln and the afterburner chamber. On the other hand, too much waste
falling on the incinerated layer results in it being heavily disturbed, which leads to
the emission of excessive amounts of volatile dust.

2.2. Rotary Kiln

The generation of harmful substances during waste treatment in the rotary chamber
is limited by controlling this process through an automatic control system. Fed material
is decomposed into solid and gaseous products in the rotary kiln. The rotary chamber is
equipped with a gas burner. It serves to heat the kiln during start-up and to maintain tem-
perature in the kiln during the operation of the plant. A negative pressure of approximately
80 Pa is maintained inside the rotary kiln during the process of thermal waste treatment.

The automatic rotary kiln control unit ensures that the generation of harmful sub-
stances is limited by the following steps:

- Smooth adjustment of the rotational speed (in the range of 1 to 10 revolutions per
hour) and cyclic/periodic operation. The rotational speed setting determines the
efficiency of the plant and the level of combustion slag burnout. It also affects the
emission of volatile dust and carbon monoxide;

- Adjustment of negative pressure in the chamber to ensure proper air inflow and
maintain a proper excess of oxygen (CO generation limitation).

2.3. Afterburner Chamber

The (primary) methods used for limiting the risk of harmful substances being gener-
ated are also applied when controlling the operation of the afterburner chamber. Gaseous
products generated in the combustion chamber are fed to the afterburner chamber. In the
afterburner chamber, organic substances are thermally destroyed at high temperature and
oxidized to final combustion products. The size of the chamber guarantees the appropriate
residence time of flue gases (above 2 s) and their proper temperature (above 1100 °C).
The temperature in the afterburner chamber is adjusted automatically with a modulated
gas burner or additional air. The emergency funnel is an integral part of the afterburner
chamber. The afterburner chamber is also equipped with an automatic unit for removing
combustion ashes.

The automatic control system of parameters in the afterburner chamber ensures that
the generation of harmful substances is minimized through the following steps:

- Maintaining an adequate flow rate of flue gases at given dimensions of the chamber
to ensure the appropriate residence time of flue gases (minimum of 2 s);
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- Controlling the operation of the gas burners and the amount of additional air supplied
to the afterburner chamber to maintain the required temperature (above 1100 °C);

- Controlling (limiting) the amount of additional air supplied to the afterburner chamber
in order to avoid NOx synthesis;

- Controlling the temperature and residence time of flue gases in the chamber to ensure
the thermal decomposition of dioxins and furans. An optimal excess of oxygen in
flue gases (8-9%) substantially helps to reduce the emission of carbon monoxide and
volatile organic substances.

2.4. Urea Dosing Unit

In cases wherein NOx is generated during the incineration of waste, it is necessary
to employ a proper method for its removal from the flue-gas stream. For this purpose, a
urea-dosing unit is used. It was designed for the so-called selective noncatalytic reduction
of NOx (SNCR). It works by injecting a urea/water solution directly into the zone of
flowing flue gases. The proper location of the urea injection point is essential for the
effective reduction of NOx. The NOx reduction process is most efficient in a relatively
narrow temperature range, the so-called “temperature window”, from 920 to 1050 °C.

2.5. Recovery Boilers

The limitation of the generation of harmful substances during the flow of flue gases
through the recovery boilers is ensured by an automatic control system (flow rate control).
After leaving the afterburner chamber, flue gases at 1100-1200 °C flow through the boilers
to heat the thermal oil used in the production process. The flue gases dissipating heat are
cooled to 220 °C. The heat transfer surface of the recovery boiler is F = 220 m?, guaranteeing
the fast cooling of flue gases, which limits the reemission of dioxins and furans (so-called
“de novo” synthesis).

2.6. Unit for Dosing Sorbent into Flue Gases

Flue gases are cleaned of harmful compounds after the recovery boilers by the sorbent
dosing unit. After leaving the recovery boiler, the flue gases are moistened before being
subjected to stream adsorption. This involves a direct dry injection of a highly efficient
reagent into the flue-gas stream. The basic components of the sorbent are calcium hydroxide
and powdered activated carbon. Stream adsorption in combination with a cloth filter made
from Teflon membranes is a very effective method for removing dioxins, furans, acidic gas
pollutants, volatile dust and heavy metals.

2.7. Bag Filter

The flue-gas stream entering the initial chamber is expanded in a bag filter, leading to
coarser and heavier dust fractions being separated. The uniform distribution of the flue
gas stream in the whole chamber causes the dust to settle on the outer surface of the filter
bags. Cleaned gas flows into the bag before being moved to the outlet manifold. The dust
retained on the bags, together with the used sorbent, is periodically shaken off by short
pulses of compressed air supplied into the bag. The dust collected in the hoppers under
the filter sections is transported to a container by means of a screw conveyor. The filter
cleaning process is controlled by a microprocessor controller with a preset frequency in the
event that the assumed flue gas flow resistance is exceeded.

3. Description of the Flue-Gas Parameter Measuring Unit
3.1. Methods for Measuring Concentrations of Harmful Substances

Empirical data on the concentration of harmful substances were collected with a
continuous flue-gas monitoring system consisting of a set of analyzers and a computer
recording system. Such systems are obligatorily installed in thermal waste treatment
installations. Continuous measurement and the registration of measured values allows for
the creation of reports required by environmental protection services in accordance with
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applicable legal acts. A computer with a database is used to collect, process, report and
archive information on concentrations and emissions of harmful substances. The system
must meet the requirements of current legal regulations in the field of data processing
systems for continuous emission measurements and is subject to inspection procedures.
The system was completed and delivered by Envag [24].

An extraction method for measuring the concentrations of harmful substances in flue
gases was applied in the tested facility (the measuring path and analyzers were heated),
whereas the flow rate, pressure and temperature of flue gases and the dust level were
directly measured in the flue-gas duct. A sample taken from the funnel (by means of a
stainless-steel test tube) was prefiltered through a heated ceramic filter installed in the
measuring probe. The sample was transferred through a heated hose into a room with a
measuring cabinet containing a sample preparation unit and a set of analyzers. Both before
and after the modernization, gas samples were taken from the chimney discharging the
fumes to the atmosphere.

Parameters measured by the continuous flue-gas monitoring system and their metro-
logical qualities are shown in Table 1.

Table 1. Values measured by the continuous flue-gas monitoring system, along with their measuring ranges and measure-

ment errors.

Measured Parameters Measuring Device Measuring Range Measurement Error (%)
Total dust, mg/m?3 D-RX 250 0-10 2.0
Total organic carbon, mg/ m3 JUM 3-700 0-160 1.0
Hydrogen chloride, mg/ m> CX-4000 0-50 2.0
Hydrogen fluoride, mg/m3 CX-4000 0-10 2.0
Sulfur dioxide, mg/ m3 CX-4000 0-2000 2.0
Carbon monoxide, mg/ m3 CX-4000 0-700 2.0
Nitrogen monoxide, mg/ m> CX-4000 0-1000 2.0
Carbon dioxide, % CX-4000 0-20 2.0
Oxygen, % AMS-3220 0-25 2.0
Humidity, % CX-4000 0-30 2.0
Flue-gas stream, m3/h D-RX 250 0-10,000 2.0
Flue-gas temperature, °C D-RX 250 0-200 2.0
Static pressure, mbar D-RX 250 0-1600 0.25

3.2. Analysers

The following analyzers were used during the tests: the CX-4000, AMS-3220 and JUM
model 3-700.

The CX-4000 is an analyzer that uses the Fourier-transform infrared (FT-IR) measuring
method, which is based on the ability of multiatomic gas molecules to absorb infrared
radiation. This method makes it possible to determine almost all compounds using a
single analyzer. In addition to CO, CO,, NO,, NO, N,O, SO,, HE, HCI, and steam (H,O)
were identified.

The AMS-3220 was used to measure the concentration of oxygen in flue gases. It in-
cludes a zirconium sensor with a flow control module and an electronic unit for controlling
the sensor, processing and recording a signal. The zirconium sensor is mounted in such a
way that the flue-gas sample flows through the measuring part, while the reference part
remains in contact with ambient air.

The JUM model 3-700 was used to measure the total organic compounds (TOCs).
It applies the method of continuous flame ionization detection (FID). In this method,
molecules of hydrocarbons from the sample gas are ionized in the flame region.

The assemblies of all analyzers were protected against water condensation using an
automatic air-blowing unit. A computer was installed in the measuring cabinet to analyze
the data sent from the analyzers and the conditioning system.
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3.3. Measurements of Flow, Dust Concentration, and Flue Gas Temperature and Pressure

An integrated D-RX 250 probe was used to measure the flow rate, temperature and
pressure of flue gases and the concentrations of dust. The probe measured the following
parameters with the following techniques:

- The flow of flue gases, using the differential pressure method;

- The concentrations of dust, by determining the charge carried by dust molecules using
the triboelectric method;

- The temperature of flue gases, using a resistance sensor;

- Flue-gas pressure.

4. Set Objectives of the Modernization

The modernization of the thermal waste treatment plant, some effects of which are
discussed in this paper, was carried out in order to increase efficiency and reduce the
emission of harmful substances into the atmosphere. Previously, emissions of pollutants
in the incineration plant did not exceed the permissible levels (Regulation [1]. However,
during the scheduled redesign, modifications were considered to improve the result obtained
in this respect.

The efficiency of methods used for minimizing the risk of harmful compounds (de-
scribed in Section 2) depends largely on the structural solutions of the incinerator and
its parameters. For example, the shape and dimensions of the combustion chamber are
important. It is essential to provide a sufficient residence time for flue gases in the chamber
to increase the probability of afterburning carbon compounds to CO,. Another important
step is to ensure a circular motion of the flue gas stream owing to the proper shape of
the afterburner chamber. The modernization consisted of an increase in the afterburner
chamber volume from 64 m> to 96 m? by installing an additional section.

5. Results of the Study

The aim of the study was to validate the average level of concentrations of harmful
substances in flue gases in two periods, i.e., before and after the modernization. The
results were statistically verified by testing the difference between the values expected
from two populations (with large samples). The null hypothesis, which assumed equality
of the means of the said populations (concentrations of pollutants before and after the
modernization of the incineration plant) was rejected when the test statistic u took values
from the critical area Ry: (—o0; —1,0) and (u,2; 0). For a two-sided test, this value was
calculated as u,, = 1.96.

u= % )
where: x; is the average concentration in the sample before the modernization, x; is the
average concentration in the sample after the modernization, o is the standard deviation
of the population before the modernization, o, is the standard deviation of the population
after the modernization, n; is the sample size before the modernization, and n; is the
sample size after the modernization.

For example, in the case of carbon monoxide, the measured average value was
16.58 mg/m3 before the modernization and 3.23 mg/m? after the redesign (Figure 2).
The value of the test statistic u = 8.10 refers to the right-sided critical area R,: (—o0; —1.96)
and (1.96; o). The null hypothesis, which assumed the equality of the means of the popula-
tions being tested (concentrations of pollutants before and after the modernization of the
incineration plant), was rejected. There was an alternative hypothesis assumed, according
to which the CO concentration was higher before the modernization. One can state that
the modernization caused a statistically significant change in CO concentration in the flue
gases (there was a decrease in the concentration).



Energies 2021, 14, 2901

7 of 11

50
45
40
35
30
25
20
15
10

number of occurrences

w

0

50

number of occurrences

CO concentration (mg/m?) before the modernization

QUVNWNOWVWNWVMOWVWVNOWmWWVOWmm,mOo
ol l\_‘ol—'l\‘\"rl(\'[\mrl"’l\V(‘l”l\"‘
— — (o] (o] on on -t -t

more |

CO concentration (mg/m?) after the modernization

U el
sl

gl
-t

[

(=]
- w

37.5
42.5
47.5
more

Figure 2. Comparison of average daily histograms of CO concentrations before and after the modernization.

The aggregated results of the tests of concentrations of harmful substances and the
maintained technological parameters are given in Table 2. Data were recorded at 1 min
intervals. Based on these data, 62 daily averages were obtained in the study period before
modernization and 59 daily averages in the period after improvement.

The set operating parameters of the installation were the same in both these periods.
The flue-gas temperature in the afterburning chamber should not be lower than 1100
°C (for waste containing more than 1% chlorine). Average concentrations of harmful
substances calculated for 30 min and 24 h periods should not exceed the levels indicated in
the regulation [1]. These concentrations are converted to a reference O, concentration of
11%. The rotational speed of the combustion chamber in both periods was not changed
and was 3.5 revolutions per hour.

During the research period, the following average operating parameters of the waste
incineration plant were maintained. The flue-gas volume flow was 4248 m?/h. The O,
concentration in the exhaust gas was 10.8%. The water content in the exhaust gas was 7.8%.
The flue-gas temperature was 1101 °C before the thermal oil boilers and 326 °C after the
boilers. The energy stream of the supplied waste was 1681 kW, while the thermal energy
stream of the thermal oil reached 1154 kW. The temperature of the thermal oil at the outlet
from the installation was 278 °C and 243 °C on the return.

An analysis of the above results indicates that the modernization of the system caused
a decrease in the average daily concentrations of harmful substances, including carbon
monoxide (Figure 2), volatile organic compounds (Figure 3), and dust. The decrease in
dust concentration resulted from the increased turbulence of the flue-gas stream at the



Energies 2021, 14, 2901 8of 11

transition from the first afterburner chamber to its additional section and the extended
total flue-gas retention time.

Table 2. Test of the difference in expected values of the two populations.

Tested Parameter . Average Value Average Value Result of the
(Average 24 h) Unit before the after the u Modernization
Modernization Modernization
CO concentration mg/ m3 16.58 3.23 8.10 Decrease
TOC concentration mg/ m3 2.20 0.99 1.97 Decrease
Dust concentration mg/ m> 0.862 0.679 5.33 Decrease
NOx concentration mg/ m3 41.41 52.36 —5.10 Increase
SO, concentration mg/m3 7.60 8.73 —1.53 No change
HCl concentration mg/m3 4.27 4.02 0.39 No change
HF concentration mg/ m3 0.150 0.002 1.55 No change
Eff;f;;feﬁﬁaﬁgz: s 13.69 15.46 —417 Increase
O, concentration % 13.84 13.56 1.35 No change
;fg‘lffrri;‘;‘r;g‘r;;‘; °C 1112.9 11252 —0.84 No change
TOC concentration (mg/m?3) before the modernization
50
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Figure 3. Comparison of average daily histograms of total organic compound (TOC) concentrations before and after Table 2.
Comparison of average daily histograms of CO concentrations before and after the modernization.
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The results in Table 2 indicate that the modernization caused an expected increase in
the average residence time of flue gases in the afterburner chamber (Figure 4), whereas the
other significant parameters of afterburner chamber operation, i.e., the concentration of
oxygen in flue gases and their temperature, remained unchanged.

Residence time of flue gases in the chamber (s) before the
modernization

=]
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—t ) )t )t (] ’6
=
Residence time of flue gases in the chamber (s) after the
modernization
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Figure 4. Comparison of average daily histograms of residence time of flue gases before and after the modernization.

For substances such as SO,, HCI and HF, whose concentrations in the flue gases are
reduced mainly by the secondary method, which involves sorbent dosing, their average
concentration remained unchanged. On the other hand, after the redesign, an increase in the
concentration of NOx (reduced by dosing urea) to 52.36 mg/m? was observed. However,
this is lower than the permissible value of 200 mg/m?3. The analyses carried out earlier by
the authors show, that in the described type of installation, the NOx concentration is closely
correlated with the stream of additional air supplied to exhaust gases at a temperature
of approximately 1100 °C in the afterburning chamber. The reason for the increase in
concentration could be the extension of the flue-gas retention time under these conditions.
Research on this issue is planned for the next planned reconstruction of other installations.

6. Conclusions

The data collected during the study described in this paper and the analysis results
allowed us to evaluate the effects of the modernization of a thermal waste treatment plant.
This modernization was intended to redesign the plant in order to reduce the risk of harmful
substances being generated and emitted into the atmosphere, including volatile organic
compounds and carbon monoxide. The redesign covered the afterburner chamber and
involved installing an additional section. As a result of that change, the afterburner chamber
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volume increased from 64 m3 to 96 m>. In this case, the main factor contributing to the
reduced emission was the more efficient afterburning of carbon compounds, achieved by
increasing the residence time of flue gases and their circulation in the afterburner chamber.

Statistical comparisons of average technological parameters and the concentrations of
harmful substances before and after the modernization indicate that the assumed changes
were achieved. The average residence time of flue gases in the afterburner chamber was
extended from 13.69 to 15.46 s. At the same time, the average temperature and oxygen
concentration of flue gases were not found to change significantly. As a consequence, the
average daily TOC concentration decreased from 2.20 mg/m? to 0.99 mg/m?. A substantial
reduction in carbon monoxide emissions was also achieved, with the concentration lowered
from 16.58 mg/m? to 3.23 mg/m3. As expected, there was no change observed in the
concentrations of SO,, HC1 and HF, i.e., compounds whose concentrations are reduced
mainly by dosing sorbent. On the other hand, an increase in the NOx concentration to
52.36 mg/m3 was noted. However, this does not exceed the permissible value.

The results of the study indicate that the modernization (installation of an additional
section in the afterburner chamber) improved the technological combustion process as
assumed, contributing to the reduced emission of harmful substances.
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