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Introduction

The growing interest in combustion of various types of biomass requires undertaking
the issue of emission of exhaust fumes toxic elements from low-power furnaces because
their participation in the global energy consumption scale is considered to be significant
(Jabtonski and Wnuk, 2009; Niedziotka and Szpryngiel, 2014). Ecological aspects and
environmental threats indicate that wood pallets should be used mainly in low-power fur-
naces for heating households. However, shortage of cheap, good quality wood pellets,
which are presently used in Poland are applied in professional power industry, incite inter-
est in agricultural biomass pellets as fuel for heating low-power furnaces (Juszczak, 2012).
The balance of biomass supply on the power industry market may be supplemented by

1 Research studies were funded by the Ministry of Science and Higher Education
(Project no N N313 444737)

121



Joanna Szyszlak-Bargtowicz

obtaining it from plantations of perennial domestic plants and those introduced in Poland
(Stolarski et al., 2014; Niedziotka et al., 2015). Virginia mallow (Sida hermaphrodia R.) is
a plant which has a satisfactory potential of yield and advantageous characteristic of energy
parameters (Szyszlak-Barglowicz et al., 2012). Research on the compaction process of
biomass are undertaken (Niedzidtka and Szpryngiel, 2011; Zajac, 2015). However, there is
a shortage of literature concerning the use of obtained biofuels by direct combustion in
heating low-power furnaces. In low-power installations, pellets are combusted the most
often in automatic furnaces. Usually, burners and fuel feeding systems of these furnaces are
adjusted to wood pellets. However, combustion of pellets from other types of biomass
should be considered so the combustion process can be controlled (Olsson and Kjéllstrand,
2004; Polék et al., 2007; Carvalho et al., 2013; Czop and Kajda-Szczesniak, 2013; Qiu, 2013).

Combustion process organization including the physico-chemical properties of fuel has
a decisive impact on the carbon dioxide emission, organic pollutants and nitric oxide. The
amounts of emitted organic pollutants are mutually dependent. The higher is the CO emis-
sion index, the higher is the load of emitted organic pollutants. This relation results from
the oxidization degree of volatile products of fuel degassing in the homogeneous combus-
tion zone. The amount of the emitted SO, depends on the content of sulphur in fuel. The
higher it is the higher is SO, load introduced to environment (Scigzko et al., 2003).

However, there is a considerable uncertainty concerning the assessment of the impact of
emission of pollution which accompanies the biomass combustion on the quality of air in
the local scale (Pastorello et al., 2011) It results not only from the lack of data on the
amount of combusted biomass but also from the lack of emission indicators, which would
describe combustion during exploitation. The emission size of toxic elements of exhaust
gases during biomass combustion depends greatly on the quality of a combustion device,
type and quality of fuel and working conditions (Johansson et al., 2004; Win et al., 2012;
Nielsen, 2013; Orasche et al., 2013).

Taking into consideration the possibility of use of Virginia mallow pellets for supply of
low-power furnaces as alternative fuel to wood pellets, the objective of the research was to
determine and compare indicators of emission of CO, NOx, SO,, 16 WWA including
B(a)P, TOC and dust during combustion of these two biofuels. Emission indicators were
referred to the mass of combusted biofuel and the amount of the obtained energy. Installa-
tion used in the research was a typical installation used for heating one-family houses and
designed for combustion of pellets. During the combustion tests its rating settings were not
disturbed. The results obtained during the research are not strict data, but only examples
noted for one time indicating the level of emission of particular compounds.

Methodology of research

Emission tests of Virginia mallow pellets combustion and wood pellets were carried out
in cooperation with the Institute of Chemical Processing of Carbon in Zabrze and they were
carried out according to the procedures developed in the Institute for fuel and furnaces
testing purposes:

— QJ/ZS/01/A:2010 procedure "Combustion efficiency determination",
— Q/ZS/02/A:2010 procedure "Determination of emission indicators of pollutions emitted
during solid fuels and biomass combustion",
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— Q/LG/07/A:2011 procedure "Determination of the gas components content in gas"

— Q/LG/04/A:2011 procedure "Determination of WWA content including B(a)P in
exhaust gases",

— Q/LG/03/A:2011 procedure "Determination of organic pollution content in exhaust
gases",

— Q/LG/02/A:2011 procedure "Determination of the dust content in exhaust gases emitted
in the combustion process".

For combustion tests of Virginia mallow pellets and wood pellets a furnace with auto-
matic fuel batching with 32 kW power adjusted for wood pellets combustion was used. This
furnace is equipped with a retort burner, to which fuel is fed from the container with
a screw feeder. Air for combustion is led by a fan to the nozzles system in a burner. The
furnace operation is controlled with an electronic controller. The combustion tests were
carried out in the set conditions of the furnace operation at the rating settings; the tests
lasted 6 hours.

Ultimate and proximate analysis of the fuel used in the test were presented in table 1.

E??iizalte and proximate analysis of Virginia mallow and wood pellets

Parameter Symbol Unit Virgi}l)lé&lll;?:llow :Zﬁ:t(i
Moisture content A (%) 7.7 5.7
Ash A (%) 2.9 0.3
Volatile matter A (%) 82.68 84.45
Carbon ct (%) 48.1 49.5
Hydrogen H? (%) 5.79 6.06
Sulphur S (%) 0.07 0.02
Nitrogen N? (%) 0.42 0.17
Gross calorific value (HHV) Q¢ (kI'kg™h 19,084 19,953
Net calorific value (LHV) Qf (kI kg™ 16,804 17,893

The composition of exhaust fumes from the furnace was measured with the use of the
system of SIEMENS analysers. The system comprissd ULTRAMAT 23 analysers which
enable CO measurement within 0-5% and 0-50%, CO, within 0-50%, SO, within 0-2500
ppm, including one which cooperates with a converter of NO, into NO. These measure-
ments were carried out with the use of the IR referential method. Measurement of O, con-
centration in gas was taken with OXYMAT 5 analyser, which operates based on the refe-
rential method which uses the phenomenon of paramagnetism. This analyser is equipped
with the range of 0-25% O,. Exhaust fumes were being sampled constantly with the use of
the system comprising a probe with a ceramic filter, a heated hose and the gas conditioning
system. The collection of the exhaust fumes and organic pollutants samples was carried out
with the use of the system which consists of a probe connected with the heater dust separa-
tor, pipe with XAD2 and active carbon and gas aspirator. Fumes samples for determination
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of hydrocarbon were collected to tedlar type bags and then analysed with gas chromato-
graph.

Based on the obtained results of emission tests during combustion of Virginia mallow
pellets and wood pellets, pollutant emission indicators for these fuels were determined.
Volume of air and fumes from 1 kg of fuel in stoichiometric conditions was calculated
based on formulas 1 and 2 (Kruczek, 2001) depending on the net calorific value and in real
conditions also in relation to the air excess coefficient (3):

o

Vs =099 X ——+0.126  (m,"kg") (1)
t Q,r 3101
Vet =0.99 x ses T 1126  (m,kg") 2)
Vo=V + @A —1) XV (m,*kg") 3)
where:
QI —net calorific value of fuel, (kJ’kg™)
Vit —volume of fumes in stoichiometric conditions (A=1) from 1 kg of fuel, (m, kg™)
Vs — volume of air in stoichiometric conditions (4=1) from 1 kg of fuel, (m,> kg™
Vs — volume of fumes in stoichiometric conditions (1=1) from 1 kg of fuel, (m,"-kg™)
A — coefficient of air excess

Emission from 1 kg was calculated as a product of fumes volume from 1 kg of fuel and
average concentration value in regular conditions at real concentration of oxygen.

Research results and discussion

Great differences in the amount of the fuel consumed in the test were reported. During
combustion of Virginia mallow pellets, the mass of the consumed fuel was 28.9 kg and in
case of wood pellets it was 44.8 kg resulting respectively in the fuel mass stream of 4.8 and
7.4 kg-h'. Taking into consideration the calorific value of fuel, energy put in case of Vir-
ginia mallow pellets was 23.65 kW and in case of wood pellets it was 37.06 kW. The ob-
tained thermal power during the test of combustion of Virginia mallow pellets was 20.2 kW
at the 90% thermal capacity of a furnace and during the test of wood pellets combustion
thermal power of 33.5 kW was obtained at the 91.1% thermal capacity of the furnace.
Moreover, differences in the value of the coefficient of air excess A were observed. In case
of combustion of Virginia mallow pellets it was 1.8 and during combustion of wood pellets
it was 1.5. This difference may be justified by the difficulty in adjusting the furnace control
to the conditions of combustion.

The determined pollution emission indicators during Virginia mallow and wood pellets
combustion — were presented in table 2. Higher values of emission indicators were reported
during combustion of pellets from Virginia mallow, particularly in case of CO and dust
emission.
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Table 2
Pollution emission indicators for the combusted wood pellets and Virginia mallow pellets
referred to the combusted fuel mass and the amount of the obtained energy

Parameter Unit Virginia Wood
mallow pellets pellets
Co (gkg™) 20.4 0.4
SO, (gkg™) 0.0 0.0
NOx (g'kgh 3.5 3.4
TOC (gkgh 0.7 0.5
Dust (gkg™) 3.5 0.4
WWA (mgkg™) 2.9 2.7
B(a)P (mgkg™) 0.03 0.04
CO (g'GIh 1213.9 224
SO, (2:GI'h 0.4 0.0
NOx (g:GI™" 206 192.0
TOC (gGI'h 41.1 27.7
Dust (g:GI'h 206.0 23.8
WWA (mg-GJ™) 170 154.0
B(a)P (mg-GJ™) 1.8 23

High CO and dust emission during combustion of Virginia mallow pellets resulted from
incomplete combustion and bad organization of the combustion process which was asso-
ciated with the physical and chemical properties of this biofuel and its bad quality. Reduc-
tion of temperature in the combustion chamber caused by difficulties in feeding fuel and
a little higher moisture affected higher CO concentration. A high content of dust in fuel
impeded movement of pellets in feeder containers; moreover, a rough surface of Virginia
mallow pellets caused their blocking in containers (despite of the use of moving elements)
which resulted in a momentary shortage of supply of a desired amount of pellets to the
burner. In case of wood pellets no such obstacles were met.

The indicated NOy emission indicators for both investigated biofuels and CO and dust
indicators for Virginia mallow pellets were higher than the range of emission indicators for
wood pellets presented in articles (Johansson et al., 2004; Paulrud et al., 2010; Boman et
al., 2011; Win et al., 2012). The TOC and WWA emission indicators were within the range
presented in these publications. Emission indicators during wood pellets combustion deter-
mined by Win et al. (2012) for six different devices including also the start up and stop
stage of furnaces, were: 192-547 g-GJ™' for CO; 61-95 g-GJ"' for NO; 6-45 g-GI™' for TOC,
31-116 g-GJ"' for dust. During the start up and stop of the furnace, emissions of CO (63-
95%) and TOC (48-93) were higher. NO and dust emissions prevailed during exploitation
of furnaces in stabilized conditions.

Pollution emission indicators higher than the ones determined in tests were found by
Juszczak (Juszczak, 2012) combusting pellets from sunflower husks. They were for CO
5315.0 g'GJ'; for NOy 469 g-GJI™"; for dust 30 g-GJ™".

Carvalho et al. (2013) indicated pollutant emission indicators for pellets of various types
of agricultural biomass and wood pellets. These indicators were also decisively higher
during combustion of wood pellets. The highest values of CO emission indicators were
reported during combustion of pellets of hay (280 g-GJ™"), wheat bran (224 g-GI™") and
straw (223 g-GJ™), which were from eleven to fourteen times higher in comparison to the
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indicators of emission during combustion of wood pellets. CO emission indicators regis-
tered during combustion of pellets from maize straw, waste from vineyard cuttings and
sorgo were quite low (two to five times higher than the CO emission indicators for wood
pellets). NOy, SO, and dust emissions were also high when feeding the furnace with agri-
cultural biomass pellets.

Moreover, higher pollutant emission indicators from low-power furnaces fed with wood
and wood pellets were registered in case of manual batch furnaces in comparison to auto-
matic furnaces (Ozgen et al., 2014). For manual batch furnaces CO, NOx and B(a)P emis-
sion indicators were respectively: 5858 g-GJ™'; 122 g:GJ" and 77 mg-GJ", and for automat-
ic furnaces they were considerably higher and were: 219 g:GJ™'; 66 g:GJ" and 0.8 mg-GJ™".

Wielgosinski (2009) by determination of CO, NO and TOC emission indicators for
common osier chips, rapeseed straw briquettes, pellets from wood waste and oak bark chips
found out that among biofuels, the highest CO emission indicator for straw and the lowest
for willow tree. The highest NO emission indicator was determined during straw combus-
tion and the lowest one during willow tree combustion. In case of the total organic com-
pounds the highest values of the emission indicator were found out for the rapeseed straw
and wood pellets and the lowest one for willow tree and oak bark. The size of emission
during biomass combustion was comparable to the emission during hard coal combustion
and in case of hydrocarbon emission it was higher.

Summary and conclusions

On account of the growing combustion of various types of biomass to a small scale, car-
rying out tests on the emission of pollutions which accompany this process is indispensable
from the point of view of assessment of health and environmental issues. Determination of
pollution emission indicators from heating devices is a significant element of analysis of the
material circulation of solid biofuels. It allows precise indication of the impact of particular
factors (fuel type, device type, combustion cycle) on the environment.

The following conclusions were formulated based on the research studies that were car-
ried out:

1. CO and dust emission indicators for Virginia mallow pellets were considerably higher
in comparison to the indicators for wood pellets.

2. Higher CO and dust emission during combustion of Virginia mallow pellets resulted
from incomplete combustion and bad organization of the process as a result of a great
non-uniformity of Virginia mallow pellets and lack of adjustment of the control system
to the applied fuel.

3. Emission indicators of the remaining pollutions (SO,, NOx, TOC, dust, WWA, B(a)P
were similar to both tested biofuels.

4. Combustion of pellets from various types of agricultural biomass in low-power furnaces
designed for combustion of wood pellets may be related to higher toxic emission of
fumes elements in comparison to the basic fuel, namely wood pellets.

5. The obtained results indicate the necessity of research over optimization of the parame-
ters of the combustion process of pellets from various types of biomass in order to ena-
ble the change of algorithm of furnace control.
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POROWNANIE WSKAZNIKOW EMISJI ZANIECZYSZCZEN
PODCZAS SPALANIA PELETOW ZE SLAZOWCA PENSYLWANSKIEGO
I PELETOW DRZEWNYCH - STUDIUM PRZYPADKU

Streszczenie. Aspekty ekologiczne i zagrozenia zanieczyszczeniem $rodowiska wskazuja, ze pelety
drzewne powinny by¢ wykorzystywane przede wszystkim w kotlach malej mocy do ogrzewania
gospodarstw domowych. Ze wzglgedu na dostosowanie palnikéow i uktadéw podajacych paliwo do
peletow drzewnych, nalezy rozwazy¢ spalanie peletéw z innych rodzajow biomasy, w tym odpadowej
w systemach umozliwiajacych prowadzenie tego procesu w sposob kontrolowany. Majac na uwadze
mozliwos¢ wykorzystywania peletow ze §lazowca pensylwanskiego do zasilania kottéw grzewczych
matej mocy, jako paliwa alternatywnego w stosunku do peletow drzewnych, za cel badan postawiono
wyznaczenie 1 porownanie wskaznikow emisji CO, NOy, SO,, 16 WWA w tym B(a)P, TOC i pytu
podczas spalania tych dwoch biopaliw. Wskazniki emisji odniesiono do masy spalanego paliwa
i ilo$ci uzyskanej energii. Instalacja zastosowana w badaniach byta typowa instalacja wykorzystywa-
ng do ogrzewania doméw jednorodzinnych przeznaczona do spalania peletoéw. Wskazniki emisji CO
i pytu dla peletéw ze §lazowca pensylwanskiego byty znacznie wyzsze w poréwnaniu do wskaznikoéw
dla peletow drzewnych. Wskazniki emisji pozostatych zanieczyszczen (SO,, NOx, TOC, pyl, WWA,
B(a)P byly zblizone dla obu badanych biopaliw.

Stowa kluczowe: biomasa, pelety, spalanie, wskazniki emisji
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