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FACTORS AFFECTING EMISSION CONCENTRATIONS

IN SMALL HEAT SOURCES

Combustion of biomass fiuel itself as a renewable energy source does not automatically ensure the best use of its energy content with low

emission production. Biomass combustion with bad settings of combustion conditions can be ineffective and with a high production of emissi-

ons. The article discusses the impact of various aspects on the power and emission parameters of the heat source. The influence of the amount

of combustion air, the temperature of combustion air, the relative humidity of combustion air, the fuel feeding and fuel moisture on thermal

power and emission production in automatic boiler for combustion of wood pellets were specifically verified. The results show that appropriate

setting of these aspects has an effect on concentration of emissions from the combustion of biomass.
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1. Introduction

There is nowadays again great interest in more efficient use
of energy because requirements for energy resources are ever
increasing [1]. To enhance energy self-sufficiency, the increasing
focus is on the improvement of power equipment efficiency and
use of renewable energy sources [2 and 3]. One of the renewable
energy sources is biomass.

1.1. Biomass combustion

One of the most commonly used forms of obtaining thermal
energy from biomass is its direct combustion. There is possibility to
burn wood in the form of logs, wood chips, briquettes and pellets,
and also straw of cereals and oilseeds, energy plants in packages,
briquettes and pellets [4]. The combustion of biomass fuel itself
as a renewable energy source does not automatically ensure the
best use of its energy content with low emission production [5].
Biomass combustion with bad settings of combustion conditions
can be ineffective and with a high production of emissions.

Effective use of biomass by low-emission production requires
the application of high quality technologies and their proper
operation [6]. Biomass combustion in a heat source is influenced
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by several aspects, e.g. type of fuel, the amount and distribution
of combustion air, method of combustion, design and regulation
of combustion appliance, etc. [7]. All those aspects influence the
power and emission parameters of the heat source. Emissions
are pollutants arising from the biomass combustion dispersed in
the air. The basic emissions are carbon monoxide (CO), nitrogen
oxides (NO,), sulphur dioxide (SO,), unburned products known
as organic hydrocarbons (OGC) and particulate matters (PM) [8
and 9]. To maintain the environmental friendliness of biomass,
states issue measures in the form of emission limits, which have
to be respected [10].

1.2. The aim of the article

The article deals with the impact of various aspects on
the power and emission parameters of the heat source. Special
attention is paid to the verification of influence of the amount of
combustion air, the temperature of combustion air, the relative
humidity of combustion air, the fuel feeding and fuel moisture on
thermal power and emission production in automatic boiler for
combustion of wood pellets.
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2. Methods for measuring thermo technical parameters
of heat sources

2.1. Heat source

An automatic hot water boiler designed to burn wood pellets
with a nominal heat output of 18 kW with a retort burner is used
as a heat source. Fuel is supplied from a tightly closed container
into the combustion chamber using a screw feeder. The air needed
for combustion is forced through a fan into the intake system in
the combustion chamber. The combustion of waste products takes
place near the cast iron rectifier of flue gas. The regulatory control
system of the boiler allows changing control algorithms where it is
possible to change the amount of combustion air, operation time
and standing time of the screw feeder for the fuel supply.

2.2. Used fuel

To minimise measurement mistakes during all the
experiments, the fuel with the same properties was used. Wood
pallets made from spruce sawdust without bark were used. The
fuel was supplied by a company producing 2000kg of biofuel per
hour. The analysis of biofuels confirmed that the delivered wood
pellets meet the specified requirements Al in compliance with
STN EN 14961-2 [11]. The pellet diameter was 6 mm and their
length did not exceed 40 mm. The moisture content determined
in compliance with STN EN 14774 [12] reached the value of
9.98%. The ash content determined in compliance with STN EN
14775 [13] reached the value of 0.452%. Mechanical resistance
(DU) determined in compliance with STN EN 15210 [14]
reached the value of 98.67%. The content of fine particles (F)
determined in compliance with STN EN 15210 [14] reached the
value of 0.239%. The calorific value determined in accordance
with STN EN 14918 [15] reached the value of 17.58 MJ .kg'. The
bulk density determined in accordance with STN EN 15103 [16]
reached the value of 650 kg.m?.

2.3. Measurement of thermal power of the heat source

Measurement of the heat source thermal power was performed
on an experimental device for testing heat sources (Fig. 1) which
consisted of the experimental heat source, equipment for heat
consumption or regulation of heat produced by the hot water
boiler, gaseous emission analyser, particulate matter analyser,
logger connected with all the measuring devices which recorded
the values every 20 seconds and a PC for evaluation of the
measured data.

Thermal power of the heat source is determined in accordance
with STN EN 303 - 5 [17]. Direct method, so called calorimetric
method, was used to determine the thermal power of the heat
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source. Thermal power is determined from the mass flow
measured by a magnetic induction flow meter and from the
temperature difference between outlet and inlet of heat transfer
medium in the heat source measured by paired metal resistance
thermometers PT100 according to equation [18]:

O=m-c, (T,—T) 1)

where Q is thermal power of heat source [kW], m is mass flow of
heat transfer medium at the inlet and outlet [kg.s'], ¢, is specific
heat capacity of heat transfer medium [J.kg-' K']. Specific heat
capacity is dependent on the temperature of the heat transfer
medium; T is temperature of heat transfer medium at the outlet of
heat source [K] and T, is temperature of heat transfer medium at
the inlet of heat source [K]. During the determination of thermal
power it was necessary to maintain the set temperature gradient
by the temperature regulator. The regulating device consists of
a heat exchanger, two circulation pumps controlled by frequency
converters, two regulating valves and of control, regulatory and
safety devices. During the measurements the constant chimney
draft 12 + 2 Pa was ensured with a flue fan. The flue fan speed was
controlled by the frequency converter.

Measuring section
of flue gas
Chimney draft
Temperature
Emissions
collection N
PM collection

~

Fig. 1 Experimental device for testing heat sources

2.4. Measurement of emission production

The flue gases pass through the measuring section (Fig. 1)
which is located in the flue system. In the measuring section
of the flue gas the temperature measurement in the chimney,
composition of the flue gases and chimney draft measurements
were performed. The flue system is joined with an insulated
flue gas measurement section. The production of CO and NOx
was determined by the flue gas analyser ABB AO 2020 [19].
The device works on the principle of infrared spectroscopy.
The normalised oxygen concentration (O, standardised) in the
flue gases from the central heat source has in accordance with
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STN EN 303 - 5 [17] the value of 10%. The values of emission
production were calculated based on the oxygen content in the
flue gas according to the relation:

. 21 - 02 standardised

Y(m%Oz) =Y 21 — Ozavg ®

where Y is the measured concentration of the emission [mg.m?],
0, _is normalised oxygen concentration [%] and O, is the

standardised 2avg
average oxygen concentration in the flue gases[%].

3. Methodology for determining the influence
of various aspects of the thermo - technical
parameters of the heat source

3.1. Influence of the amount of combustion air

The tested boiler conception allowed regulating the amount
of combustion air by the control system of the boiler via the
fan speed controlled in the range of 10% - 100%. Regulation for
fuel feeding was set at each measurement at the same value (18
seconds feeding and 25 seconds waiting time of the screw feeder)
it means that fuel delivery was the same for all measurements.

The combustion air supplied by a fan in the area of retort
burner was divided into primary and secondary combustion
air. The amount of supplied air to the combustion process was
measured by indirect method through an anemometer which
measured the air flow velocity at inlet. Based on the velocity and
flow section, the volume flow was calculated and, consequently,
the mass flow of combustion air was calculated. Mass flow rate of
combustion air supplied to the boiler reached the values ranging
from 45 kg.h'!' (for setting the fan at 10% of rated speed) to 142
kg.h! (for setting the fan at 100% of rated speed).

3.2. Influence of the combustion air temperature

Combustion air temperature change was performed before
entering the heat source. Combustion air supply was connected
to the pipe with the heat exchanger which heats or cools supplied
combustion air. The lowest supplied air temperature was -5°C and
gradually increased in steps of 5°C to 40°C. Regulation for supply
air temperature was set during measurement at the same value (18
seconds feeding and 25 seconds waiting time of the screw feeder,
the fan was set at 40% of rated speed).

The heat exchanger was located behind the fan in a square
duct made of steel sheet with service door. The heat exchanger
was made of copper tubing with corrugated aluminium ribs used
for better heat transfer. The size of aluminium ribs is 60 x 120 x
0.5mm (v x d x h) with regular spacing 5 mm. The heat exchanger
consists of four separate parts having the length of 170 mm. All
four parts are connected by copper elbows into a single unit

while soldering is done by brazing. Inlet and outlet of heat from
the heat exchanger is done by heat transfer medium - Thermal
Glycol mixture with water in 1:1 ratio with solidification point
-30 °C. Regulation of the fluid temperature was carried out by
a circulating thermostat Julabo FP40 which was connected
through the insulated pipe to the heat exchanger. The scheme
of device for change of combustion air temperature is shown in
Fig. 2.

Combustion Heated air to boiler

air inlet eat exchangel

eat fluid,
inlet g

JULABO

Heat fluid outlet

Circulating thermostat

Fig. 2 The principle of combustion air heating

3.3. Influence of the relative humidity
on combustion air

The relative humidity of combustion air was regulated in the
polystyrene chamber with the following dimensions 1.5m x 1.0m
x 1.0m (Fig. 3). Ambient air having a relative humidity 49% and
temperature of 23°C was fed into the chamber. The water vapour
was produced in a steam humidifier with the regulation of the
relative humidity. The chamber was equipped with separating
walls for more efficient mixing of ambient air with water vapour.
The relative humidity of the combustion air was measured just
before accession to the boiler and the examined values were as
follows: 50%, 60%, 70%, 80%, 90% and 99%. The humidity of air
progressed according to Mollier h-x diagram isothermally when
to increase the relative humidity from 49% (at 23° C) to 60%
at a constant temperature, it was necessary to bring 2g of water
vapour per 1kg of air. Combustion air temperature at the inlet to
the heat source was the same as the temperature at the inlet to the
polystyrene chamber.

Settings for the fuel supply and combustion air were the same
for each measurement (18 seconds feeding, 25 seconds standing
of the fuel conveyor, the fan was set at 40% of rated speed).

Fig. 3 The principle of combustion air humidification
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Average values of combustion air mass flow, heat output, CO and NOx formation depending on the fan setting Table 1
Fan settings 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Mass flow rate [kg.h'] 45 72 90 108 114 137 139 139 140 142
Thermal power [kW] 14.01 14.92 15.84 17.12 16.91 16.48 16.02 15.48 14.95 14.84
CO concentration [mg.m?] 9554 351 340 547 1328 1748 1697 1976 3330 3646
NOx concentration [mg.m?] 94 178 174 173 165 171 177 179 169 170

3.4. Effect of fuel moisture

In this section we investigated the influence of fuel humidity
on thermo-technical parameters of the heat source; we did it
by changing the humidity of fuel (wood pellets). Wood pellets
with an initial moisture content of 9.98% were subsequently
dried to a humidity of 0% and 5%; gradually adding water, the
sample moisture content reached 10%, 15%, 20%, 25% and 30%.
The individual samples were tested in automatic boilers for
combustion of wood pellets in the same regulation setting of the
boiler; fuel supply (18 seconds feeding, 25 seconds standing of the
fuel conveyor) and supply of combustion air (fan was set at 40% of
rated speed) remained the same during each measurement.

3.5. Influence of fuel feeding

Control of the heat output of small automatic heat sources
was done by changing the time of both fuel feeding and
combustion of supplied fuel. The recommended setting of fuel
supply and combustion time is in many cases based on experience
of manufacturers or on measurements of nominal and minimum
performance of boiler during testing [20].The user of the heat
source has available variety of feeding and combustion time
settings.

The tested automatic hot water boiler for burning wood pellets
allows changing the operating time and the time of standing of the
screw feeder for fuel supply. In the framework of the research three
types of comparative measurements were carried out to determine
the influence of fuel supply on thermo-technical parameters of
the heat source. The first series of measurements was carried
out at a constant time standing at 25 seconds and following time
of fuel supply 18, 15, 12 and 9 seconds. The second series of
measurements was carried out at a constant fuel supply of the
18 seconds and the standing times of 25, 28, 31 and 34 seconds.
The third series of measurements was carried out at a constant
time difference of 7 seconds between the time of fuel supply and
standing time. The settings during the third measurements were as
follows: 15/22 sec. (standing / supply), 18/25 sec., 20/27 sec. and
30/37 sec. The supply of combustion air was constant for all the
measurements (the fan was set at 40% of rated speed).

4. Results of experiments
4.1. Amount of combustion air

Table 1 shows the average values of the combustion air mass
flow, heat output, concentration of CO and NOx depending on
the setting of the fan speed. The mass flow rate of combustion air
increased proportionally to the increasing fan speed up to 60%
of rated speed. The slightest increase in mass flow of the fan was
recorded in the range of 60% to100% of rated speed. Thermal
power of the heat source increased with the fan speed to the value
of 40%, subsequently it declined. The highest CO production was
recorded at 10% of the fan speed which was caused by low excess
air or incomplete combustion due to insufficient supply of oxygen
to the flame.

The lowest CO concentrations were registered at the value of
20% and with the increasing amount of combustion air the CO
formation increased as well. The NOx concentration was lowest
in the minimum amount of combustion air, given by the small
amount of nitrogen supplied to air and due to a lower temperature
in the flame [21]. For other speeds the formation of NOx did not
change much.

4.2. The temperature of combustion air

Table 2 shows the average values of heat power, concentration
of CO and NOx depending on the temperature of combustion air.
The boiler thermal power increased with the rising combustion
air temperature due to the supply of certain energy into the
warmer air. The CO concentration decreased with the increasing
combustion air temperature due to a higher temperature in the
combustion chamber and burning of CO to CO,. The lowest
NOx concentration was recorded at the lowest temperature of
the combustion air; as the temperature raised the NOx formation
increased. This was caused by high flame temperature when more
NOx was formed [2] and 22].
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Average values of heat output, CO and NOx formation depending on the combustion air temperature Table 2
Combustion air temperature S5°C 0°C 5°C 10 °C 15°C 20 °C 25°C 30°C 35°C 40 °C
Thermal power [kW] 16.92 17.02 17.41 17.56 17.73 17.91 18.06 18.14 18.21 18.39
CO concentration [mg.m?] 468 537 511 487 479 421 436 396 409 378
NOx concentration [mg.m?] 154 159 158 164 173 171 178 181 183 187

4.3. Relative humidity of combustion air

Table 3 shows the average values of thermal power, CO and
NOx formation depending on the relative humidity of combustion
air. Higher humidity of combustion air caused the cooling of
flame and it resulted in the reduction of thermal power. The
experimental results also show that CO had a slightly rising trend.
However, at 99% humidity the concentration of CO was more
than seven times higher due to a lower flame temperature and
imperfect combustion (less oxygen at the expense of the water
vapour). From the results it can be seen that the NOx production
is slightly decreasing with increasing air humidity caused by the
cooling of the flame by water contained in the moist air. In the
case of 99% air humidity the production of NOx decreased by
more than 20%.

4.4. Effect of fuel moisture

Dependence of the average values of thermal power and
emissions on fuel moisture is shown in Table 4. As expected, the
boiler capacity decreased significantly with increasing moisture
content of fuel due to a lower amount of flammable products in
the humid fuel. In this case some energy was used to evaporate
water during combustion. Table 3 shows that the CO production
had increasing character with increasing moisture content of
fuel. CO concentrations werel6times higher at 30% moisture
content of fuel compared to the combustion of dry fuel. This
was due to imperfect mixing of fuel with an oxidant, creating

zones in the combustion chamber of the furnace with the lack
of oxygen for total oxidation of the carbon, the instability of the
temperature conditions in the combustion chamber of the furnace
and temperature variations in the furnace because of the water
content of the fuel. A significant decrease in NOx was observed
with increasing moisture content of fuel due to the flame cooling
by water contained in the wet fuel.

4.5. Influence of fuel feeding

Tables 5, 6 and 7 show the average values of thermal power,
CO and NOx concentrations depending on the setting of fuel
feeding. The measurements showed that the effect of setting the
fuel feeding and fuel burning time (standing) had a major impact
on the performance and emission parameters of the heat source.
Reducing the time of fuel feeding at constant standing time had
a linear effect on the heat output. The measurements of boiler at
operating settings showed that the highest thermal performance
was achieved in the following setting - 18/25 seconds (feeding/
standing). The highest formation of CO was measured while
achieving the maximum heat output of the heat source. For
other settings of the boiler significantly lower concentrations of
CO were measured. It follows that the nominal power would be
needed to bring to the furnace higher amount of secondary air
so as to deflagrate relatively large amounts of CO. The results
of measuring the NOx concentration indicated that these are
essentially constant and of relatively low value.

Average values of heat output, CO and NOx formation depending on the combustion air humidity Table 3
Combustion air humidity 49% 50% 609% 70% 80% 90% 999%
Thermal power [kW] 16.91 16.90 16.8 16.6 16.5 16.4 16.2
CO concentration [mg.m?] 470 471 474 538 572 585 3381
NOx concentration [mg.m?] 320 319 317 315 312 309 252

Average values of heat output, CO and NOx formation depending on the fuel moisture Table 4
Fuel moisture 0% 5% 10% 15% 20% 25% 30%
Thermal power [kW] 19.21 18.08 17.28 15.95 12.36 9.74 7.99
CO concentration [mg.m?] 268 322 355 784 1372 1978 4299
NOx concentration [mg.m?] 207 199 181 173 154 119 97
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Average values of heat output, CO and NOx formation Temperature [°C]

-10 0 10 20 30 40 50
depending on the fuel supply Table 5 19 . . .
Fuel supply 18/25s | 15/25s | 12/25s | 9/25s 1812
Thermal power [kW] 17.93 15.42 11.91 9.24 17.5

——Amount of air
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CO concentration [mg.m?| 451 327 242 287
NOx concentration [mg.m?] 164 176 168 164
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Fuel supply 18/25s | 18/28 s | 18/31s | 18/34 s

Thermal power [kW] 17.93 15.63 13.74 12.03
CO concentration [mg.m?] 451 283 224 235
NOx concentration [mg.m?] 164 171 172 169

Fig. 4 Graph of thermal power dependence on different aspects

(area A shows standard conditions of biomass combustion)

The amount of combustion air and its properties also have

Table 7 relatively significant effect on the combustion process. For optimal
Fuel supply 15225 | 18/25s | 20127 s | 30/37 s c9ml?ust10n of biomass it 1§ necess'ary. to ensure appropriate excc?ss
air given by the combustion stoichiometry (the lowest relative

Thermal power [kW] 15.54 17.93 15.87 14.26

humidity and the highest temperature of combustion air). Area
A (Fig. 4) indicates the optimal combustion conditions of the
tested boiler when it is possible to achieve the ideal combination
of high thermal power, low emission formation of commercially
available fuel (wood pellets have a normal humidity around 10%)
and air (combustion air temperature is normally about 15-20° C
and relative humidity of about 40-60%). Based on the measured

CO concentration [mg.m?] 356 451 398 411
NOx concentration [mg.m?] 183 164 181 184

5. Conclusion

The results of experiments pointed out the fact that the
combustion process can influence many aspects. Measurements
show that these aspects affect the thermal performance of the

results we can conclude that the combustion process is influenced
by many factors. For achieving the highest combustion efficiency
with the lowest impact on the environment it is necessary to

heat source and the formation of CO and NOx. The obtained
results (Fig. 4) show that the humidity of fuel has the highest
impact on the combustion process. This factor significantly
decreases the thermal power of the boiler and considerably
increases the production of CO.

operate the heat source at optimal parameters.
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