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Abstract

Harmonization of environmental protection and the growing energy needs of modern
society promote the biomass application as a replacement for fossil fuels and a viable
option to mitigate the greenhouse gas emissions. For domestic conditions this is parti-
cularly important as more than 60% of renewables belongs to biomass. Beside numerous
benefits of using biomass for energy purposes, there are certain drawbacks, one of which
is a possible high emission of NO, during the combustion of these fuels. The paper presents
the results of the experiments with multiple biomass types (soybean straw, cornstalk, grain
biomass, sunflower oil, glycerin and paper sludge), using different combustion technol-
ogies (fluidized bed and cigarette combustion), with emphasis on the emission of NO, in
the exhaust gas. A presentation of the experimental installations is given, as well as an
evaluation of the effects of the fuel composition, combustion regimes and technology on
the NO, emissions. As the biomass combustion took place at temperatures low enough
that thermal and prompt NO, can be neglected, the conclusion is the emissions of nitrogen
oxides primarily depend on the biomass composition — it is increasing with the increase of
the nitrogen content, and decreases with the increase of the char content which provides
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Since biomass is the only CO,-neutral-carbon-
-based renewable energy source its application becomes
more and more important for climate protection,
wherein the biomass combustion is the most important
and proven thermochemical conversion technology for
heat and power production. However, biomass com-
bustion is related with potential problems concerned
with the environmental pollution, even though they are
less pronounced in comparison with the coal. The emis-
sion of nitrogen oxides (NO,) is one of the most impor-
tant challenges in the field.

Nitrogen oxides play a significant role in pollution
problems such as formation of photochemical smog,
ground level ozone and acid rain, visibility impairment,
causing damage to natural ecosystems and crops. Over
90% of nitrogen oxides emitted due to the combustion
process makes NO, while the rest is NO,. In the atmo-
sphere NO is converted to NO,, so the regulations in
the field of environmental protection treat all nitrogen
oxides as NO,. Nitrous oxide (N,O) is also important
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because of its greenhouse effect, but its emitted
quantity is significantly less than of the previous two.
NO, is formed both from atmospheric nitrogen, N,, and
from nitrogen contained in fuel, by the following fund-
amentally different mechanisms [1,2]:

1. Thermal — NO,, high temperature (>1200 °C)
oxidation of atmospheric nitrogen by oxygen in com-
bustion air;

2. Fuel —NO,, oxidation of fuel-bound nitrogen;

3. Prompt — NO,, combustion of atmospheric nitro-
gen and hydrocarbons in the rich mixture condi-
tions/very low air—fuel ratios.

e During the combustion of biomass, the oxidation
of fuel-bound nitrogen is the dominant mechanism of
forming NO,. The amount of thermal and prompt NO, is
negligible due to relatively low combustion tempera-
tures conditioned with low melting temperature of bio-
mass [1-6].

e The formation of NO, from fuel bound N takes
place predominantly in the gas phase oxidation of the
nitrogenous species released with the volatiles (66—
—75%) and less through the heterogeneously catalysed
oxidation of the nitrogen retained in the char (< 25%)
[1].

e N released with the volatiles from the biomass
fuels generally ends up as NH; rather than as HCN (HCN
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is the most important precursor for N,O formation).
Both of them can be oxidized to NO during subsequent
combustion. At the same time, the two precursors
(especially NH3) can also serve as reducing agents for
NO reduction, as follows:

NH;+ 0, > NO +H,0+H

NH3;+NO — N, + H,0 +H

e (Quite a low N,0 concentration was detected
during large-scale biomass combustion [3,5]. This phe-
nomenon has been attributed to the N functional
groups present in biomass fuels, mainly amino groups,
which are usually form NH; as the main N-product
during pyrolysis [1,3—6]. Furthermore, NH; tends to be
oxidized to NO and N, instead of N,O at temperatures
of 800-900 °C [7], so N,O emission is not the subject of
this paper.

e Another point of consideration with respect to
NO, emissions during the biomass combustion is the
catalytic effect of the char and ash on NO, formation
and reduction [6].

- Char provides a catalytic surface for the gas
phase NO reduction by CO.

- The catalytic effect of the ash, especially the
presence of CaO, MgO and Fe,0;, may be important
because it can catalyse the reduction of NO and NO,.

e Exceeding the emission limits can be expected at
fuel-N concentrations above 0.6 wt.% on dry basis [8].

Controlling NO, emissions is becoming a consider-
able technical challenge as increasingly strict emission
limits are being imposed. The NO, control technologies
can broadly be classified into:

1. pre-combustion which involve the use of low
nitrogen fuels,

2. combustion control or primary measures —
modifying design and operating features of the com-
bustion unit and

3. post-combustion techniques (end-of-pipe treat-
ment) or secondary measures — flue gas treatment
(FGT) after the combustion process.

The pre-combustion measures implied an informed
choice of biomass (e.g., knowledge of fertilizer treat-
ment, length of storage and harvest time because nat-
ural senescence decreases N content as the N is remob-
ilized to the roots or rhizomes) and/or pretreatments
with a target of minimizing heterocyclic N-compounds*.
The pre-combustion measures include also modific-
ation of the fuel composition by usage of fuel additives,
fuel blending and co-combustion, e.g., the use of bio-
mass/coal cofiring that decreases NO, and SO, emis-
sions [10].

Primary and secondary measures of NO, reduction
are given in Figure 1.

Knowledge of the nitrogen oxides emission, in
addition to the need for developing better biomass

]

Figure 1. Overview of deNO, techniques.

e It is difficult to reduce CO and NO, simultane-
ously — decreasing one may result in an increase of the
other [9]. And finally, it is important to note that the
influences of different fuel properties on NO, gener-
ation are very much inter-related, and as such, it is
difficult to examine the influence of an individual pro-
perty in isolation.
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combustion technologies and consequently NO, tech-
niques, is also necessary when setting emission
regulations. It should be noted that the Regulation on

*Heterocyclic N compounds seem to decompose mostly
through HCN, while amino acids and proteinic nitrogen
appear to produce mostly ammonia, NHs.
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limit values for emissions of air pollutants [11] has not
defined NO, emission limit for combustion of biomass
that is not the wood nature, which can be considered
as a failure, especially when taken into account that of
the available amount of biomass in Serbia, 63% is the
biomass from agricultural production, and a crop bio-
mass, which accounts the largest part of agricultural
biomass, is characterized by a very high N content due
to intensive fertilization of crops.

DESCRIPTION OF THE EXPERIMENTAL FACILITIES

In order to improve knowledge of the nitrogen
oxides emission and its influencing variables inves-
tigations were conducted with multiple biomass types,
using different combustion technologies (fluidized bed
and cigarette combustion). Thus, this paper presents
the results of combustion of sunflower oil and glycerin
on a semi-industrial experimental fluidized bed facility,
FB1 (100 kW, capacity), as well as of combustion of
paper sludge and corn kernel on the experimental hot
water FB boiler, FB2 (500 kW, capacity). The fluidized
bed combustion (FBC) technology was selected
because of its low operating temperatures of about 850
°C that suppress the formation of thermal and prompt
NO,. Further, experiments were performed on the
industrial-scale hot water boiler (1.5 MW, capacity) for
combustion of large soya straw bales (0.7 mx1.2 mx2.0
m) and on the two experimental facilities: the boiler
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(75 kWy,) burning small soya straw bales (0.8 mx0.5
mx0.4 m) and the furnace (50 kWy,) burning small corn
stalk bales (0.45 mx0.35 mx0.80 m). The latter three
use cigar burner combustion system (CBCS). The cigar-
ette type combustion was chosen because it is cost-
-effective and energy conscious way of utilizing the
baled biomass.

Simplified schemes of facilities with both combust-
ion technologies (FBC and CBCS) where the combustion
experiments were carried out are presented in Figures
2—-6. More about the experimental FB facility shown in
Figure 2 and demonstration FB boilers in Figure 3 can
be found in [12-16].

The principle of operation of facilities with cigarette
burner system (CBS) can be found in papers [17-19].
An industrial-scale hot water boiler at Fig. 4 was instal-
led in the Agricultural Corporation Belgrade [17,20] and
it is used for heating 1 ha of greenhouses.

The experimental boiler at Figure 5 is installed on
an individual farm where is used for residential heating.

Fuel characterization

The fuels selected for this investigation are mainly
biowastes considered at the moment as ballast. Namely,
data of the Ministry of Energy, Development and Envi-
ronmental Protection of the Republic of Serbia indicate
that consumption of edible oil in Serbia is around 16
per capita per year; which means that about 10,000
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Legend:

1. Primary air blower 7. Liquid fuel feeding - 7.1 dosing pump, 7.2 13. Start-up burner
2.(2.1 - 2.2) Measuring orifices air blower and 7.3 heater of carrier air; 14. Furnace material removal
3. Electric heater 8. Flue gases cooler valve
4. Air chamber with the air-distributor 9. Cyclone for particle separation 15. Furnace material
5.Fluidized bed furnace (1% draft) 10. (10.1 — 10.3) Vessels for particle disposal collector
6.Particle separation chamber (2™ 11.Flue gas fan 16. Air blower for jet cooling

draft) 12. (12.a) Propane-butane flask 17. Nozzle

Figure 2. The scheme of semi-industrial experimental FB1 facility (100 kW capacity) [12—14].
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e - L Legend:

. Water cooled collector for ash and bed material
— T removal

. Collector of the fluidization air distributor

. Bubble caps of the air distributor

. Tubes, first set

. Tubes, second set

. Inclined inlet for the pneumatic feeding into the FB
. Inclined inlet for the feeding on the FB

. Ceramic tubes for thermocouples, in and above the
FB

. Horizontal solid fuel inlet into the bed

. Tube for ash removal

. Flue gases collector channel

. Water boiler outlet

Figure 4. The scheme of the demonstrating hot water CBS boiler with thermal power of 1.5 MW, CBS1: 1. fuel feeding, 2. feeding
channel, 3. hydraulic feeder, 4. primary air fan, 5. motor driven VSD controlled conveyor, 6. ash transporter, 7. ash, 8. movable cross
and primary air supply, 9. secondary air fan, 10. secondary air driver,11. water cooled grate, 12. furnace isolation, 13. flue gas exit,
14, 15. first and second section of the gas-water heat exchanger, 16. multi-stage cyclone, 17. stack, 18. flue gas fan.

Figure 5. The scheme of the experimental CBS boiler (75 kW), CBS2: 1. fuel feeding, 2. cover, 3. baled biomass, 4., 5. heat insulation,
6. regulation of combustion zone, 7. primary combustion chamber, 8. primary air supply, 9. secondary air supply, 10. grate, 11. com-
partment between primary and secondary air, 12. tertiary air introduction, 13. tertiary air channels, 14. burnout zone, 15. heat
exchanger, 16. flue gas channel, 17. flue gases collector, 18. smoke stack, 19. flap, 20.,21.,22. ash collector, 23. air tube for ash rem-
oval, 24. ash removal tube, 25. revision opening, 26. air distributor, 27. air fan, 28. flue gases fan, 29. cyclone separator with bunker.
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Figure 6. The scheme of the experimental CBS furnace (50 kW), CBS3: 1. ignition and ash removal, 2. furnace grid, 3, 9. combustion
air distributive chamber, 4. baled biomass, 5. fuel introducing ball screw, 7. cover, 8. flaps, 10. control valves for recirculation rate,

11. stack, 13, 14. electric fan for combustion fluid transport.

tons of used cooking oil per year could be collected and
could be used as a fuel. Glycerine is the main byproduct
of biodiesel production. Increasing demand for bio-
diesel may lead to glycerine oversupply so it could be
treated as waste and used as fuel. The paper sludge is
the byproduct of the paper industry (Cardboard factory
Umka, Avala Ada, Paper Factory Belgrade). Because of
its high content of moisture and a non-uniform com-
position it is not suitable for further processing, but
sutable for combustion in FB with support of a higher
calorific fuel. As the paper is made of a net of very thin
celluloid fibers obtained mainly from trees, the paper
sludge from processing is treated as biomass. Although
the cereals are primarily important for human and ani-
mal nutrition, they can also be used as a fuel for pro-
duction of heat and hot water at farms and small-scale
district-heating plants, if they’re used as non-food-sec-
ond-rate cereals (waste from the mills and cornflakes
factories, unused or contaminated seed grain, etc.).
This is paticularly important, bearing in mind the prob-

lem from 2012 associated with aflatoxin contamination
of maize, when only 32% of the domestic genus was
safe to use. In the total potential of renewable energy
sources in Serbia biomass accounts 63% of which bio-
mass from agricultural production accounts for about
60% of this potential, while the share of agricultural
crop residues is about 37%.

Prior to the experimental investigation the charac-
terization of the fuels was performed (Table 1), in order
to calculate the adiabatic combustion temperature —
the base for the facility adjustment (defining the fuel
and air flow, in order to obtain steady state on the
designed combustion temperature).

As seen in Table 1, biomass is highly oxygenated
with respect to conventional fossil fuels. Due to carbo-
hydrate structure, the principal constituent of biomass
is carbon, making up from 30-60 wt.% on dry basis
depending of ash content. Hydrogen is the third major
constituent comprising 5-6 wt.% on dry matter. Nitro-
gen is a macronutrient for plants and critical for their

Table 1. Characterization of fuel — a partial proximate and ultimate analysis of fuels used in the tests (fuel as received, %)

Component Sunflower oil  Glycerine Paper sludge + gas Corn kernel Soybean straw bale Corn stalk
I e I I Equivalent fuel | Large Small
Moisture 0.1 23.04 - 46.09 35.56 11.9 11.35 18.80 8.38
Ash 0 0 - 13.94 10.76 1.9 7.05 5.66 4.36
Volatile 99.17 76.13 99 39.35 53.6 76.71 60.73 59.08 69.76
Char - - - 14.56 10.9 11.39 27.92 22.12 21.86
C 77.52 59.72 39.1 15.99 31.16 38.52 36.72 33.99 42.5
H 11.49 8.85 8.7 2.68 6.08 6.32 5.71 5.29 5.58
(0] 10.88 8.39 52.2 20.46 15.79 40.28 38.60 35.73 38.48
N 0.11 0.07 0 0.73 0.56 1.07 0.41 0.39 0.61
S 0 0 0 0.12 0.09 0.01 0.16 0.15 0.09
NCV [MJ/kg] 37 27.9 17 4.8 14.26 17.3 13.98 13.69 13.98

?Combustion of fuel combusted in the fluidized bed; bcombustion of fuel mixed with water combusted in the fluidized bed; Cequivalent fuel com-
position calculated on basis of mass fraction of gas and paper sludge and their elemental compositions
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growth, it is mainly bound in proteins, amino acids and
sugars [7]. As this paper is primarily concerned with
NO, emission from biomass combustion it is very imp-
ortant to note that the N-fuel content, although it is
strongly influential, should not be used alone as a mean
of predicting NO, emission. The tendency of the fuels
to forming certain types of pollutants, like NO, is, is also
indicated by the combustion environment. So the air
supply, the combustion temperature and the applied
type of combustion technology need to be taken into
account as influencing variables for NO, formation.

RESULTS OF MEASUREMENTS IN STEADY REGIMES OF
OPERATION

Experimental tests on the FB installations

After starting the installation by combustion of
liquid gas and reaching temperatures of FB required for
beginning of the examined fuel combustion, it is dosed
with the increasing of operating FB temperature to the
desired value. By adjusting the flows of fuel and air,
stationary operation of installation with pre-defined
performance parameters was achieved. Then measure-
ments of flue gas composition and flow rates of fuel,
primary and secondary air were taken (Table 2).

The combustion process in the experiments per-
formed on FB1 was at approximately adiabatic con-
ditions (no heat exchange in the bed), and in the demo-
industrial boiler FB2 there was a certain heat exchange
between the bed and the combustion chamber walls.
The combustion chamber of FB2 is bordered by water-
cooled cylindrical sheath lined with refractory bricks in
the area of fluidized bed. The firebricks were hindering
the heat transfer from bed to the combustion chamber
sheath, so combustion in FB2 was also close to the adi-
abatic conditions. Therefore, the measured excess air A
in all experiments at both FB installations are approx-
imately corresponded to A at the theoretical com-
bustion temperature of fuel.

Table 2 shows efficient combustion of granular
biomass and paper sludge fed on the fluidized bed of
FB2, with higher temperatures in the bed than above it,
which is not the case during the combustion of high-
-volatile liquid fuel where the zone with the highest
combustion temperature is located above the fluidized
bed (FB1). Temperatures T3—Ts in Table 2 corresponds
to measuring points of the scheme in Fig. 2. Mixing the
oil and water facilitates the feeding process, and results
in a shift of the intensive combustion zone deeper in
the bed, with a simultaneous reduction of CO and a
slightly reduction of NO, emission (see row Il, Table 2).
In all the tests the measured concentration of CO in the
flue gases are much lower than the legally allowed
limits, so the losses due unburned in the gaseous pro-
ducts of combustion are negligible. The combustion
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efficiency also was favorable from the standpoint of
satisfying environmental regulations regarding the
emissions of SO,, as was expected considering the
elemental composition of the tested fuels (Table 1).

Regarding the emissions of nitrogen oxides (NO and
NO,), expressed as NO,, during the combustion of sun-
flower oil and glycerin in install FB1, and co-combustion
of paper sludge and gas on the installation FB2, legal
norms were not exceeded, but they were at the com-
bustion of the granular biomass (FB2). Besides, in all
the experiments, NO is the dominant compound with
NO, in most cases being less than 5%, which is in accor-
dance with other authors [1]. The values of law defined
emission limits are given in Tables 2—4 in the column
NOyper [11]. The corn kernel has the highest fuel N
content (Table 1). As the combustion experiments with
this fuel did not exceed 820 °C, a temperature unfav-
orable for the formation of thermal and prompt NO,,
the higher emissions of nitrogen oxides is not a con-
sequence of the combustion organization, but a con-
sequence of the high fuel bound N. Similar might be
expected during the combustion of paper sludge, which
also have the high fuel bound N. The paper sludge is
combusted with support of propane/butane mixture.
The energy share of the gas was 73% in the mixture,
which is practically an incineration of the paper sludge.
In this case, the equivalent fuel (the mixture of paper
sludge and liquid gas) had a nitrogen content of 0.55%
as received, i.e., 1.04% dry ash free [15]. The high
N-content in the equivalent fuel in this case did not
lead to higher emissions of NO,.

Experimental tests of baled biomass combustion

Experimental tests of soybean straw combustion
(Table 3) were carried out at a furnace temperature
850-900 °C, which is high enough for complete com-
bustion of straw, and safe from the point of ash melt-
ing. The stationary measurement regime was remained
for several hours, enough to perform the necessary
conclusions about the quality of combustion.

Temperatures T,—T3 in Table 3 corresponds to mea-
suring points of the scheme in Figures 4 and 5. Power
of both CBCS facilities was regulated by adjusting the
flows of fuel, primary and secondary air, maintaining
approximately the same flue gases temperature. Aver-
age power during the test were 1.55 MW and 64 kW,
respectively, at the average excess air of 1.5. Tempe-
rature of the output (flue) gases in stationary regime
was 160, i.e., 200 °C. Under these conditions carbon
monoxide concentration (Table 3) in the combustion
products (except in extreme cases, of collapse of the
part of the burned bales in a fluidized bed of its own
ashes) was 66 and 150 ppm, i.e., 99 mg/m’ (reduced to
11% 0,) and 173 mg/m® (reduced to 13% O,). These
values were below the emission limit value of 150
mg/m’ for the CBC installation for large bales which
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belongs to the medium scale facilities; and 4000 mg/m3
for the installation of combustion of small bales which
belongs to the low scale facilities [11]. Emissions of NO,
during the combustion of large soya straw bales in
installation of power of 1.5 MW,,, was slightly higher
than the permitted emission limit values, while at com-
bustion of small soya straw bales, NO, was within
acceptable limits, although it is not subject of legis-
lative restrictions [3].

Experimental test of baled cornstalk combustion
(Table 4) in the selected stationary regime also showed
a high quality combustion process. Good isolation and
high combustion temperatures of 780 °C caused the
low carbon monoxide content 40-50 ppm. Also, the
carbon dioxide and oxygen was within the expected
range for adiabatic conditions, so the excess air was
A = 2.3. Registered emission of NO, during the baled
cornstalk combustion was high, but it is not subject of
legislative restrictions [3]. As well as in the FB com-
bustion experiments, also in experiments with baled
soybean straw and cornstalk the combustion can be
considered complete under the given conditions. This is
important because the measurements of fuel-N origin-
ating NO, are representative for what may be expected
in an industrial plant under nominal running conditions.

DISCUSSION

Based on the results of the measured NO, emissions
in biomass combustion experiments and the facts from
previous chapters the following conclusions can be
drawn:

1. Temperature has the least influence on NO,
formation due to narrow temperature range in all the
experiments of biomass combustion (800900 °C).

2. Liquid biofuels combusted in the FB did not
exceed the NO, emission limits, which was logical to
expect because they comprise a negligible amount of
N.

3. Paper sludge co-combusted with the gas in FB2,
also does not exceed the legal norms of NO, emissions,
despite the high content of N in the equivalent fuel
(Tables 1 and 5 — above 0.6 wt.% on dry basis). This
suggests that most likely a bigger impact on the mea-
sured NO, emission had the char and ash content in the
equivalent fuel and their catalytic effect on the NO,
reduction. In addition, this fuel contains the maximal

moisture content of all tested fuels, and it is known
that water reduces the NO, emission (Figure 1). In favor
of it, slightly reduce of the NO, was recorded at the
combustion of sunflower oil mixed with water.

4. At the corn kernel combustion in FB2, the high-
est NO, emission was measured, which is a direct con-
sequence of the fuel composition. The influence of the
combustion conditions can be disregarded, because the
operating experiment parameters prove a good org-
anization of combustion. The high N content originates
from the high protein and the other amino group
content in the corn kernel. Further, this fuel has the
lowest content of char of all the examined fuels that
emit significant amounts of NO, (see Table 5).

5. Trade-off between NO, emissions and CO is best
illustrated by the following two diagrams (Figure 7). In
both cases, decreasing CO result in increased NO,
which is especially pronounced for the incineration of
paper sludge- a fuel that has a larger content of char of
these two.

6. At combustion of large soya straw bales a some-
what higher emission of NO, recorded which slightly
surpass the limits, but accompanied by very low CO
emission (Table 3). Low CO emission and achieved
excess air of A = 1.5 indicates efficient operating con-
ditions.

7. Recorded emissions from small facility for com-
bustion of small soya straw bales and from a small
furnace for combustion of baled corn stalks are also
interesting, although both facilities are not subject of
legislative restrictions. Having more nitrogen and less
char in its composition (Tables 1 and 5) cornstalks emits
higher amounts of nitrogen oxides then soybean straw,
while it emits significantly less carbon monoxide. This
fact also confirms the reducing CO and char catalytic
effect on the NO, reduction.

Analysis of denox tecniqes applicable in the presented
biomass facilities

Increased environmental performance at a modest
cost is one of the drivers for the use of biomass for
energy purposes and that is the concept that should be
taken in the selection of DeNOx techniques. Therefore,
for small installations up to 100 kW, which include both
systems with FB and CBS installations with small
soyabean and cornstalks bales, proper choice is imple-
mentation of primary measures of NO, reduction. The

Table 5. Char and nitrogen content calculated on fuel dry ash free base

Soybean straw bale

Paper sludge +gas Corn kernel Corn stalk
Dry ash free, % Large Small
FB1 FB2 CBS1 CBS2 CBS3
Char 20.19 13.21 34.22 29.28 25.05
N 1.04 1.24 0.50 0.52 0.70
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Figure 7. Gas concentration (expressed in ppm) in the flue gas a) gas and the paper sludge, b) corn kernel combustion experiments.

following measures have been implemented in these
installations.

Staging the introduction of combustion air is a mea-
sure of splitting the combustion air stream which
creates a fuel-rich primary and fuel-lean secondary
zone. It has been applied in combustion experiments
with sunflower oil and glycerin (primary and secondary
air supply) as well as in experiments with combustion
of soybean straw and cornstalks bales (primary, sec-
ondary and the tertiary air supply).

Fuel staging (reburning) involves the injection of a
proportion of fuel above the combustion zone, creating
a fuel-rich secondary combustion zone where NO,
formed from the primary combustion zone is reduced
through decomposition. It has been applied in experi-
ment of paper sludge and gas co-combustion in FB 2
(liquefied gas is brought through air distributor in a bed
and paper sludge is dosed on the bed) and in experi-
ments with combustion of soybean straw bales in CBS
(bale forehead burns in the porous layer, while the
remaining amount withering and post-combustioning
in a fluidized bed of its own ashes). This technique is of
particular importance in the case of the combustion of
paper sludge in FB2, where despite of the high nitrogen
content of the fuel (Table 5), high NO, emissions is not
recorded.

Flue gas recirculation (FGR) technique can signific-
antly reduce primarily thermal NO, production by red-
ucing flame temperatures and overall excess air.
Thereby the recirculated flue gas acts as an inert gas
containing mainly CO,, CO, H,0, with a low level of O,
and N,. The high concentration of CO, and CO caused
by FGR could play a significant role in NO, emissions. It
is therefore worthwhile to examine the effect of com-
bined staged-air combustion and FGR on NO, formation
at combustion of soya straw bales, as it was, in a way,

done at combustion of corn stalks in furnace from
Figure 4. Namely, mathematical model that simulates
the recirculation of cold flue gases has been developed
[19], primarily to reduce the maximum combustion
temperature in order to solve the biomass ash sintering
problem. Conducted a parametric analysis showed that
the flue gas recirculation has a positive effect on this
issue and, at the same time, a lower content of nitro-
gen oxides in the flue gas is achieved in a way that
recirculation of 17% of the flue gas lowers the emission
of NO for 2.5%, and FGR of 50%, reducing NO for
29.5%. It is necessary to bear in mind that the imple-
mentation of FGR reduces flue gas temperatures, as
well as the boiler output.

When combustion modifications alone is insuf-
ficient to meet with the emission standards or cannot
be applied in existing combustors, required additional
reduction can be achieved by using of end-of-pipe flue
gas treatment (FGT) technologies. The most proven
FGT technologies are selective catalytic reduction (SCR)
and selective non-catalytic reduction (SNCR).

SCR is the most advanced and effective method for
NO, reduction and can do so by up to 60-90%. SCR
implies the reaction of NO, with NH;3 (as a reducing
agent) within a heterogeneous catalytic bed in the pre-
sence of O, at the temperature range of 250-400 °C.
The predominant reactions are [21]:

4NO + 4NH; + 0, — 4N, + 6H,0

6NO, + 8NH; — 7N, + 12H,0

The most common and successfully commercialized
NH;-SCR catalysts is vanadium pentoxide (V,0s), sup-
ported on titanium dioxide (TiO,) with or without the
addition of either tungsten trioxide (WOj3) or molyb-
denum trioxide (MoOs3). No catalysts have been active
at temperatures above 600 or below 250 °C. SCR is also
possible by using hydrocarbons as a reducing agent
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(HC-SCR). However, at temperatures above 500 °C all of
the hydrocarbons are consumed by combustion reac-
tions. Unfortunately, the SCR process can be prob-
lematic due to high risks of catalyst poisoning by
vapours of volatile metals and sulfur oxides, catalyst
bed erosion and its rapidly fouling and plugging by dust
and the potential occurrence of an ammonia slip-
-stream in the exhaust. In addition of high capital costs,
there are some concerns asociated with anhydrous
ammonia storage.

Selective non-catalytic reduction (SNCR) is a process
of reduction of NO, to N, in the presence of O, by
reaction with amine-based reagents, either ammonia
(NHs) or urea (CO(NH,),) at the temperature window of
800-1000 °C, the higher temperature being needed for
urea. SNCR systems can reduce NO, emmision by 30—
—70%, which is highly variable for different applications.
Taking NH; as the reagent the predominant reactions
are [21]:

4NH; + 6NO — 5N, + 6H,0

4NH3 + 4NO + O, — 4N, + 6H,0

8NH; + 6NO, — 7N, + 12H,0

If urea is the reagent the reaction scheme is:

H,NCONH, + 2NO + %0, — 2N, + CO, + H,0

The reagent ammonia or urea can be injected
directly into combustion chamber. When the reaction
temperature increases over 1000 °C, the NO, removal

handling systems (similar to those for SCR systems),
multi-level reagent-injection equipment, and asso-
ciated control instrumentation. Because of higher stoi-
chiometric ratios required at equivalent efficiency, both
NH; and urea SNCR processes require larger quantities
of reagent than SCR systems to achieve similar NO,
reductions [21]. The technology is attractive due to its
relative simplicity, catalyst-free system (hence free of
associated problems), ease of installation on existing
plants, applicability to all types of stationary-fired
equipments, lower capital and operating cost, the fact
that it is largely unaffected by fly ash and usability with
other NO, emission control technologies.

The end-of-pipe techniques are economically just-
ified only in the installation with the cigarette com-
bustion of large bales. It should be noted that plants of
capacity less than 100 kW for the time being are not
subject of legal restrictions with regard to NO, emis-
sions.

Facility design for combustion of large soya straw
bales anticipated places for the installation of SCR
(between the two heat exchangers, where the corres-
ponding temperature window would be regulated by
closure of an adequate number of gas pipes) and for
SNCR (on the gases exit from the boiler), as shown in
Figure 8.

L 6 15 14 13 12
e / SNCR ™,
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Figure 8. Places provided for testing applicability of SNCR and SCR at the facility for burning large bales.

rate decreases due to thermal decomposition of NH; ie
CO(NH,),. It is important to bear in mind that ammonia
slip from SNCR systems could occurs either from inject-
ion at temperatures too low for effective reaction with
NO, or from over-injection of reagent leading to
uneven distribution, because NO, distribution varies
within the cross section. Thus, more NH3; must find its
way to the center, where more NO, will form, and less
near the walls (which are cooler so less NO, will form),
otherwise NO in the center meets insufficient ammonia
for reduction and excess NH; near the walls slips
through. This can be especially acute in larger boilers. A
typical SNCR system involves reagent storage and

296

The problem of high NO, emissions from granular
biomass combustion in large FB plants could be solved
in a similar way, by installing SCR or SNCR, depending
on the economic analysis for such a plant, or by
conducting of co-combustion of biomass and coal or
other fossil fuels, with a higher content of carbon/char
(C-fixed).

CONCLUSION
The chemical properties of the different kinds of

biomass affect their thermal utilisation and thus the
combustion and flue gas cleaning technologies needed.
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The fuel N content is responsible for NO, formation and
NO, emissions belong to the main environmental
impact factors of biomas combustion. An experimental
investigation was carried out to study the NO, emission
by combustion of six types of biomass (sunflower oil,
glycerin, paper sludge, granulated bimass — corn kernel,
large and small soya straw and cornstalks bales) using
different combustion technologies (fluidized bed and
cigarette combustion). Liquid fuels (sunflower oil, gly-
cerin) almost not containing nitrogen in their compo-
sition emit negligible nitrogen oxides at their combust-
ion. Corn kernel has the highest nitrogen and the low-
est char contents that result in a high NO, emission
level. Baled cornstalks containing high nitrogen had
also high NO, emission, although the cigarete burner
combustion facility at its capacity is not subject to legal
restrictions. Experiments have shown that there is
some trade-off between NO, emissions and carbon
monoxide — decreasing one result in increases in the
other. During the co-combustion of high N content
paper sludge and propane butane, a high NO, emission
was not recorded, which is merit to high char and
moisture content and due in part to fuel staging com-
bustion. Also, during the combustion of soybean straw
bales (of various sizes) on two different installations
with same CBCS technology at similar combustion para-
meters different NO, emissions were recorded, and in
the case of combustion of large bales a slightly exceed-
ing of the limits.

The paper presents existing and proposes possible
measures for reducing NO, emissions in the investig-
ated installations.
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SAGOREVANIJE BIOMASE — UTICAJ NJENE VRSTE | PRIMENJENE TEHNOLOGIJE SAGOREVANIJA NA EMISIJU AZOTOVIH

OKSIDA

Milica R. Mladenoviél, Dragoljub V.Dakiéz, Stevan D. Nemodal, Milijana J. Paprikal, Mirko Komatina3,

Aleksandar M. Eric'l, Branislav S. Repic':l

YUniverzitet u Beogradu, Institut za nuklearne nauke “Vinca”, Laboratorija za termotehniku i energetiku, Beograd,

Srbija

Univerzitet u Beogradu, Inovacioni centar Masinskog fakulteta, Beograd, Srbija

3Univerzitet u Beogradu, Masinski fakultet, Beograd, Srbija
(Naucni rad)

Uskladivanje potreba ocuvanja Zivtne sredine i rastucih energetskih potreba
savremenog drustva promovise primenu biomase kao zamene za fosilna goriva i
odrzivu opciju za ublaZavanje emisije gasova staklene baste. Za domace prilike ovo
je od posebnog znacaja stoga Sto viSe od 60% obnovljivih izvora pripada biomasi.
Pored niza prednosti upotrebe biomase u energetske svrhe, postoje i izvesni
nedostaci, od kojih je i moguca relativno visoka emisija NO, prilikom sagorevanje
ove vrste goriva. Stoga su u radu prezentovani i analizirani rezultati eksperimenta
sagorevanja vise vrsta biomase (balirane sojine slame i kukuruzne stabljike,
zrnaste biomase, suncokretovog ulja, glicerina i papirnog mulja), primenom razli-
¢itih tehnologija sagorevanja (fluidizovan sloj i cigaretno sagorevanje), sa akcen-
tom na emisiju NO, u dimnim gasovima. Dat je prikaz eksperimetalno-demons-
tracionih instalacija, kao i analiziran uticaj sastava predmetnog goriva, rezima i
tehnologije sagorevanja na emisiju NO,. Kako su se svi rezimi sagorevanja biomase
odvijali na temperaturama dovoljno niskim da se emisije termickog i promptnog
NO, mogu zanemariti, zakljucak je da emisija azotovih oksida prvenstveno zavisi
od sastava biomase i raste sa sadrZajem azota, a opada sa sadrzajem koksnog
ostatka koji obezbeduje kataliticku povrsinu za redukciju azotovih oksida ugljen-
- monoksidom. U radu su prezentovane primenjene i predloZzene mere/tehnike za
smanjenje emisije azotnih oksida pri sagorevanju biomase.
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Klju¢ne reci: fluidizovan sloj e cigaretno
sagorevanje ® biomasa ¢ NO,




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


