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Abstract

The paper deals with the study of the influence of various factors, which have an impact
on emissions such as NOyx, CO, which have been verified by measurements. Biomass
in the form of wood chips as fuel of different moisture content from 9% to 25% has been
tested at various boiler outputs. The presented work also defines the mathematical
dependencies of NOy and CO emission generation by using regression analysis from
measured data after biomass combustion in low-power boilers. The paper also describes
a mathematical model of biomass combustion. The mathematical model was created
to verify the measured data and prediction of emission generation in the process
of biomass combustion. This model consists of combustion of stoichiometry, calculation
of combustion temperatures, obtained regression equations of NOx and CO. At the end
of this paper, the obtained results are compared with the calculated models as well as the
results of the defined dependencies from the regression analysis.
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1. INTRODUCTION

The promotion activities include the energy policies and action plans of the EU
member states in which they bound themselves to promote and implement certain
levels of alternative energy sources for generation of heat and power, subsidies
for companies and spreading the basic knowledge for the population of the EU
so that they could learn more about these types of fuels and take active part
in decreasing the emissions of the greenhouse gases and effects of utilization
of fossil fuels on the environment.

Concern about depletion of fossil fuels, energy dependency and climate change
have engendered the necessity to develop reliable, affordable and renewable
energy sources like biomass fuels [1].

Using biomass as a fuel to substitute fossil fuels can reduce carbon emissions and
can offer fuel security without the need to rely on imported fuel.

Different types of biomass have very different physical and chemical
characteristics. The fuel properties and process conditions, such as fuel type,
particle size, air flow rate and fuel moisture, affect the combustion characteristics,
altering the heat generation, heat transfer and reaction rates in a complex manner
[2-6].

The energy properties of fuelwood are crucially dependent on its moisture
content, which adversely affects not only the basic energy properties, such as:
higher heating value Qs and lower heating value Q,, but also the process
parameters of combustion in the furnace: flame temperature, generated amount
of flue gases, the dew point of flue gases and emission production [7].

The quantity of gaseous emissions production depends on the amount of fuel
supplied and its uniformity, the volume concentration of O, and the relative
humidity of the fuel. An important factor that significantly affects the amount
of emissions produced is the fuel composition [8,9].

Experimental research and modelling of the fuel combustion processes can
be used to clarify the formation of nitrogen oxides [10,11].

The application of experimental research of nitrogen oxides formation in practice
should always lead to a reduction of these emissions.

The impact of the operation of biomass fired boilers on NOx and CO emissions
is described by authors [12-15].

The control of this thermal aggregate is based on the determination of the
necessary parameters, which are not always possible to determine directly. This
problem was solved by authors in Ref. [16]. Differential equations of the heat
conduction were applied in this work and a simulation model was created, which
is the basis for indirect determination of temperatures in node points of the
temperature field.
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In order to reliably determine the boiler output and improve the quality control of
biomass combustion in an industrial biomass boiler, the calculation model based
on online monitored boiler operation data has been successfully developed and
tested by authors [17].

A CFD model was developed to predict gaseous emissions from combustion of
biomass fuel and compared to diesel fuel in the furnace combustion chamber.
Results showed that the quantity of emissions is closely related to the combustion
temperature, molecular structure and fuel characteristics [1].

2. MATERIALS AND METHODS

The measurements were used to gather data of the predetermined parameters of
wood chips at selected moisture contents and performance of the boiler. In order
to obtain the necessary results three boiler thermal output of 50%, 75%, and 100%
as well as four different moisture content values of 9%, 14%, 19%, and 25% were
used.

2.1. Equipment characteristics
The type of boiler used for wood chips combustion experiment was HERZ
firematic 80 with 83 kW of thermal output Fig. 1.

Fig. 1. HERZ firematic 80
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Emission gas concentrations were measured using the flue gas analyser Testo
300M. The instrument can measure the flue gas temperature, ambient
temperature, O,, CO,, CO, NOy, excess air and gross/net efficiency.

Moisture content measurement of the wood chips was realised exploiting the
halogen analyser of moisture content Mettler Toledo HR83 shown in Fig. 2,
operating on the thermo - gravimetric principle.

Fig. 2. Halogen analyser HR 83

2.2. Mathematical model of combustion process

Equations that were determined by regression analysis from the measured results

are in the mathematical model also used for the calculation of NOx and CO

emissions.

Calculations of the statics of fuel combustion are basis of thermal and technical

calculations. The following thermal and technical parameters are determined at

calculation of the statics of combustion [18]:

1. Calculation of the lower calorific value of the fuel,

2. Calculation of the minimum amount of oxygen, respectively the required for
complete fuel combustion,

3. Calculation of the amount and composition of flue gases,

4. Calculation of physical properties of flue gases - (density, enthalpy, mean
specific heat capacity),

5. Calculation of the adiabatic, theoretical and actual combustion temperature.

These calculations are included in the so-called statics of combustion. Kinetics of
combustion discusses the time progression of the combustion.
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Algorithm of mathematical model

Based on the combustion stoichiometry the mathematical model was developed
for the calculation of selected parameters of the solid fuel combustion process.
The mathematical model consists of one main program, two subroutines for
calculating the mean specific heat capacity of the combustion air and flue gas and
the assistance data file.

1-Input of parameters: C,H,O,S,N A, W —
biomass composition (%), O, Ny —

combustion air composition (%), o -
@ excess air coefficient, #,; - temperature of
air (°C), npyr - coefficient of pyrometric

' efficiency, constants for NOx emission

calculation models.
2-Calculation of the lower calorific value

2 of the fuel Q,, calculation of the minimum

I amount of oxygen Voamin, respectively the

3 required for complete fuel combustion,

T the actual amount of air V,;, calculation

" of the amount V', and composition of flue
gases [18].

3-Calculation of the enthalpy of air Qu,

the specific heat capacity of air ¢ i [18].

S 4-Assumption of  the adiabatic

v combustion temperature ¢, and the
i} theoretical combustion temperature #.
5-Calculation of the specific heat capacity
of flue gases at composition of flue gases

i ¢pse > the adiabatic combustion
8 temperature #, and the theoretical
1 combustion temperature # [18].

0 6-Is the accuracy of the calculated values
of #, and ¢ sufficient?

7-New assumption of the adiabatic
" combustion temperature ¢, and the
theoretical combustion temperature .
@ 8-Calculation of actual combustion
temperature # [18].
9-Calculation of NOx, CO emissions.

10-Printout of calculation parameters: Qy,
VSV, t,, t;, ts, COz, CO, NOx,...

Fig. 3. Algorithm of the mathematical model.
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Input parameters of the model are the composition of the fuel and the oxidizing
agent, in this case it is the air. The air parameters include the oxygen content of
the combustion air, the excess air coefficient with which the fuel will be
combusted, and the air temperature.

On the basis of the input data the lower calorific value of the fuel was calculated.
The minimum amount of oxygen is calculated according to the minimum amount
of air for combustion. In the next step, this air is recalculated to the actual amount
of combustion air. The calculation of the volume of individual components of flue
gases is on the basis of stoichiometry. This is followed by calculation of the
adiabatic and theoretical temperature and the actual combustion temperature with
the coefficient of pyrometric efficiency. At the end is the calculation of the
theoretical NOx and CO emissions [19] and the equations are also used as
determined by regression analysis based on the measured values.

The calculation procedure is shown in the Fig. 3.

3. RESULTS AND DISCUSSION

The wood chips was used as fuel for the boiler HERZ firematic 80 that was
connected to heating system for a building. The used sample was analysed and its
properties are shown in Table 1.

Table 1. The results of experimental research and computer calculations
C H (@) N S A W

46.54% 5.31% 35.66% 0.08% 0.05% 1.06% 11.3%

The wood chips sample moisture content is shown in Table 2.

Table 2. Moisture content of wood chips

Moisture content (%) 9% 14% 19% 25%

The definition of the functional dependencies of NOx and CO emission generation
is shown below.

The regression analysis of NOx and CO emission dependencies was performed
for three boiler outputs (50%, 75%, 100%) and four moisture content values of
the wood chips (9%, 14%, 19%, 25%). From the results of the regression analysis,
functional dependencies of NOy and CO emissions on the moisture content of the
fuel and boiler performance were obtained. Part of the measured NOx and CO
emissions for 100% boiler output is shown in Table 3 and their graphical
dependencies needed for the regression analysis are shown in Fig. 4 and Fig. 5.
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Table 3. Measured values of NOx and CO emissions in dependence on 100% boiler
output and different fuel moisture content

Moisture content 100% boiler output
o NO; (mg.m?) 11% O, CO (mg.m?) 11% O,
0
9 92,31 1632,01
14 228,40 1419,73
19 213,19 1479,26
25 74,61 2387,52

As shown in Fig. 4, the trend line of CO dependence on fuel humidity and et boiler
output of 100% has an increasing character with increasing moisture content.

100% output
3000,00
2500,00
CO - 9,4425x% - 276,14x + 3373,6
~ RZ=0,9873
O  2000,00
X
i
- S~
a~ 1500,00 3 5
E
)
1000,00
E y
Q
Y 500,00
0,00 y : . ‘ ;
5 10 15 20 25 30
Fuel Humidity (%)

Fig. 4. Dependence of CO emission on wood chips moisture content % at 100%
of boiler output with regression equation

In Fig. 5 the trend line of NOx dependence on fuel moisture content has the
polynomial pattern with maximum at a moisture content between 15 and 20%.
The graph shows the regression equation of this dependence.
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250

100% output

NOx = -2,3607x + 78,772x - 421,92
R?= 0,989

10 15 20

Fuel Humidity (%)

25 30

Fig. 5. Dependence of NOy emission on wood chips moisture content % at 100% of

boiler output with regression equation

The measured NOx and CO emission values and the emissions calculated from
the mathematical model are compared in the following tables Table 4 and Table 5.

Table 4. Measured and calculated CO emission values et 100% boiler output and
different values of the moisture content

Moisture content CO (mg.m™) 11% O,
(%) Measured values Calculated values
9 1632,01 1395,32
14 1419,73 1662,59
19 1479,26 1847,31
25 2387,52 2013,32

Table 5. Measured and calculated NOx emission values for 100% boiler output and
different values of the moisture content

Moisture content NOx (mg.m?) 11% O
(%) Measured values Calculated values
9 92,31 95,81
14 228,40 218,19
19 213,19 222,54
25 74,61 71,94

It should be said that these models will never replace direct NOx measurements
in practice and they only serve for quick verification of the amount of nitrogen

oxides produced.
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4. CONCLUSION

Responsible behavior in the energy sector means rational and efficient use of
energy of all available energy sources. The use of biomass for energy production
reduces transport costs, provides a renewable energy source and reduces CO>
emissions. The recommended relations for the calculation of the production of
nitric oxides, carbon monoxide and carbon dioxide presented in this paper have
a more universal application and simpler form of expression than the currently
used models.

The presented mathematical model for determination of NOx and CO emissions
production during combustion is based on selected physical quantities and can be
used in combustion devices where the parameters of the combustion process can
be measured.

This will make it possible to use the developed model even in real terms. Based
on the results of the mathematical model, the boiler operator can manage its
operation efficiently in terms of its fuel efficiency and humidity.

The results of the effect of power, moisture content of wood chips and excess
of combustion air will help cleaner operation to reduce undesirable emissions.
Due to the complexity of an exact description of the process of pollutant formation
as well as different combustion conditions, it is not possible to draw up a generally
valid model that would describe this production for various types of boilers and
different types and forms of fuels.
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