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Abstract  Fuel combustion conditions in modern 
boilers are currently fully automated. Controlling the 
combustion process with preset parameters with an 
appropriate air distribution adapted to the type of fuel 
ensures maximum use of fuel properties. Combustion of 
heating materials in such controlled conditions allows to 
minimally affect the environment of emitted flue gases and 
solid residues (ashes). Unfortunately, the best boiler with 
the best regulator will not provide optimal combustion 
conditions without good fuel quality. Contaminated 
biomass (pellets, wood chips, wood) with plastic, fossil 
coal, colored metals not only effectively affects the low 
emission burden, but also the failure rate of boilers. 
Analogically, the use of poor-quality solid fossil fuels 
translates into the formation of smog and sometimes 
irreparable damage to CO equipment. According to the 
authors of the study, in which the combination of low and 
medium power boilers with dedicated tested fuels to a 
given type of heating installation will ensure maximum 
reduction of low emissions. In the summer period, we can 
observe the phenomenon of fog caused by the use of grill 
fuels to prepare dishes. In case of high insolation and 
accumulation of devices (grills), e.g., on plots, recreational 
areas, smog phenomenon may also occur. The more the 
grills are polluted, the more the combustion fumes are 
burdensome and harmful for users of both active and 
passive barbecues. Based on the analysis of flue gases from 
the combustion of charcoal and charcoal briquettes, it can 

be stated that their particulate matter emissions, which are 
mainly responsible for the formation of smog, range from 
about 110 mg/m3 to 280 mg/m3. It was found that charcoal 
briquettes show extremely high emission levels for both 
PM 2.5 and PM 10 and other compounds emitted during 
the combustion process. Optical analyses performed on 
fuels used in household furnaces revealed, in the case of 
the samples analyzed, a low content of additives such as 
plastics and metals; the only significant and unnecessary 
component in all the fuels analyzed was the mineral matter. 

Keywords Combustion, Solid Fuels, Grilling, 
Emissions 

1. Introduction
The list of combustible energy carriers contributing to 

so-called low-stack emissions (dust and volatile matter) is 
very long. This ranges from simple campfires, through 
barbecues, household boilers and stoves to residential 
waste burning. Low-stack emissions during the summer 
seasons are not as widely discussed as the ones in cold 
(heating) seasons, as smoke from fuel combustion is less 
troublesome. While smog, the most dangerous product of 
low-stack emissions, is relatively rare during summer 
months. It is a familiar sight for many residents of 
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single-family house communities who inhale exhaust 
gases from water heaters, especially in the evenings 
(Fig.1a). Individual households, where old-type boilers 
were adapted to burning any available combustible 
material for heating, are considered to be one of the main 
emitters of particulate matter [1]. Despite extensive 
information campaigns, garbage, various biological waste 
(grass, leaves and branches) and fossil fuels are still used 
in household heating. These practices and low public 
awareness of the problem, especially in developing 
countries [2] contribute to emission of particulates, 
aerosols and, ultimately, formation of toxic and harmful to 
living organisms’ smog, both in winter [3] and summer 
[4]. Passion for grilling is also a contributor to air 
pollution, especially on weekends (Fig.1b). During hot 
summer days with strong sunshine, smog can be locally as 
severe as in a winter [5]. Emissions from household 
furnaces, considered the main component of summer 
smog [6], do not take into account the factors contributing 
to this phenomenon, i.e., grill fuels [7]. Gases emitted 
from barbecue grills are treated as a direct threat to 
barbecue users [8] but their share in the overall local 
pollution is overlooked. Grill fuels were tested for the 
presence of solid pollutants; the parameters provided by 
fuel producers that usually contribute to significant air 
pollution were also presented. For bituminous coal, wood, 
and pellets, a comparative petrographic analysis was 
carried out to show the content of solid impurities such as 
plastic, mineral matter, etc. In the case of barbecue fuels, 
in addition to the petrographic analysis, the basic emission 
parameters during the combustion of these fuels were 
measured and the relationships obtained were summarized 
in terms of the content of solid pollutants present in the 
tested fuels. Barbecue fuels are overlooked as a significant 
source of smog during the summer months, especially in 

the vicinity of recreation centers and single-family homes 
where barbecues present a serious air quality problem. 

2. Methods and Results 

2.1. Preparation of Fuels for Petrographic Analysis 

The preparations were made from raw material samples 
stored in their original commercial packaging, obtained 
from fuel manufacturers. Grain polished sections were 
prepared, one from each of the packaging’s (Fig.2). Each 
individual product was averaged by quartering. Seven 
averaged samples weighing approximately 0.5 kg each 
were obtained from individual packs of 2.5 kg after 
quartering. The samples were then ground and sieved. The 
material obtained in this way was embedded in epoxy 
resin and then polished (PN – ISO 7404-2:2005; [9] 
PN-EN 1860-2:2006 [10]). The obtained polished sections 
were observed using an Axioskop 20 microscope (oil 
immersion, reflected white light). The maceral 
composition (liptinite, inertinite, and vitrinite), the 
mineral matter content, and the content of other 
contaminants (petroleum derivatives, metals, biomass) in 
coal (nut coal) and eco-pea coal specimens was 
determined. In the tested samples, the mentioned elements 
were counted on five hundred points observed at the 
crosshairs of the microscope eyepiece. Biomass (wood 
logs, wood waste, wood chips, and pellets) and charcoal 
and charcoal briquette specimens were analyzed by 
counting the individual elements (fossil coals, oil, coke, 
coal tar, plastics, glass, slag, rust, metals, and stone 
powder) per thousand points observed at the intersection 
of the crosshairs. 

 

Figure 1.  Low-stack emission in the summer months, single-family house community 
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Figure 2.  The polished sections made from the obtained fuels 

2.2. Emissions Measurement 

The tested barbecue fuels (charcoal and charcoal 
briquette) were burned in a grill (Fig. 2) and the gases 
obtained from combustion were tested for PM 2.5, PM 10, 
CO, CO2, NOx using a Atmon FL URBAN I analyzer 
[11]. Measurements were taken half an hour after firing 
up the grill (for both charcoal and charcoal briquettes). 
Measurements were made for 2 x 15 minutes with data 
recording every 0.5 minutes and the results were averaged 
at the end of each 15-minute measurement cycle. 

3. Low-Emission Fuels Used in 
Households 

3.1. Fuels Dedicated to Combustion in Storage Water 
Heaters and Boilers 

 nut coal, net calorific value (lower heating value) 
27-30 MJ, max. grain size 80 mm, sulfur content 
0.6%, maximum ash content 4-8% (parameters 
specified by the manufacturer on the coal 
packaging), 

 debarked wood logs, mixed wood, beech, oak, bark 
content 10%, moisture 18-20% (parameters declared 
by the supplier), 

 waste wood, wood chips, mixed wood waste from 
deciduous trees, bark content 10%, moisture 15% 
(parameters declared by the supplier), 

 eco-pea coal, net calorific value (lower heating value) 
24-26 MJ/kg, ash content 8-10%, sulfur content 

0.7-1.2%, grain size distribution 6-25 mm, sinter 
ability <20 RI, moisture 8-13% (parameters specified 
by the manufacturer on the packaging), 

 pellets, net calorific value (lower heating value) 17 
MJ/kg, ash content <0.8%, moisture <10%, sulfur 
content <0.03%, grain size distribution 8 mm 
(parameters specified by the manufacturer on the 
packaging) 

Apart from the above-mentioned parameters, fuel 
producers do not provide other data on the quality of 
products or the amount of any solid impurities (of mineral 
or organic origin) in their products. 

3.2. Barbeque Fuels 

 charcoal, ash content 8%, C content min. 75%, 
moisture 8% (parameters specified by the 
manufacturer on the packaging), 

 charcoal briquette, ash content 18%, C content min. 
60%, moisture content 8% (parameters specified by 
the manufacturer on the package). 

4. Petrographic Analysis of Fuels Used 
in Households 

4.1. Microscopic Examination of Charcoal and 
Charcoal Briquettes 

Table 1 shows the results of the petrographic analysis 
of grain polished sections made of charcoal and charcoal 
briquettes. 
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Table 1.  Percentage of observed solid contaminants in charcoal and charcoal briquettes 

Fuel Plastics Metals  Mineral matter Fossil coal Charcoal Total % 

Charcoal 0.0 0.0 0.6 0.0 99.4 100 

Charcoal 
briquette 0.2 0.1 0.7 0.2 98.8 100 

4.2. Microscopic Examination of Biomass (wood logs, waste wood, wood chips, pellets) 

Table 2 shows the results of the petrographic analysis of grain polished sections made of biomass. 

Table 2.  Percentage of observed solid contaminants in the analyzed biomass 

Fuel Bark  Plastics Metals  Rust Mineral 
matter 

Fossil 
coal 

Biomass 
(wood) 

Total 
% 

Wood logs 5.0 0.0 0.0 0.0 0.1 0.0 94.9 100 

Waste wood, 
wood chips 1.8 0.1 0.0 0.1 1.0 0.0 97.0 100 

Pellets 0.2 0.0 0.0 0.0 0.4 0.1 99.3 100 

4.3. Microscopic Examination of Coal (Nut Coal) and Eco-Pea Coal 

Table 3 presents the results of petrographic analysis of bituminous coal (nut coal) and eco-pea coal (coal mixture). 

Table 3.  Percentage of the observed macerated composition and solid contaminants in the analyzed coal and eco-pea coal 

Fuel Mineral matter Vitrinite Inertinite Liptinite Total, percentage value 

Nut coal 10.9 62.4 15.9 10.8 100 

Eco-pea coal 7.2 37.0 50.1 5.7 100 

Fuel Plastics Metals, rust  Biomass  Coal  Total, percentage value 

Nut coal 0.0 0.1 0.0 99.9 100 

Eco-pea coal 0.2 0.0 0.3 99.5 100 

5. Analysis of Gases Emitted during the Combustion of Charcoal and Charcoal 
Briquettes 

Table 4 shows the results of the analysis of flue gases produced during the combustion of barbeque fuels. 

Table 4.  The flue gas analysis carried out using a TESTO 330-2 LX combustion analyzer during the combustion of charcoal and charcoal briquettes 

Fuel  PM 2.5 
g/m3 

PM 10 
g/m3 

CO 
g/m3 

NOx 
mg/m3 

NO 
mg/m3 

CO2 

% 
O2 

% 

Ambient 
temperature  

oC 

Flue gas 
temperature 

oC 

Air 
humidity 

% 

Measurement 
time 
min. 

Charcoal 0.018 0.011 12.164 14 10 1.83 18.71 25.1 202 55 15 

Charcoal 
briquette 0.028 0.016 12.175 16 12 3.07 17.06 24.8 257 54 15 
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6. Results and Discussion 
Charcoal and charcoal briquettes were tested in 

accordance with the PN-EN 1860-2 standard. This 
standard specifies that the content of prohibited 
non-charcoal ingredients in these products should not 
exceed 1%. In the case of the charcoal examined, in 
addition to the coal itself, mineral matter in the form of 
silica (sand) was determined. Charcoal briquettes slightly 
exceed (0.2%) the assumed 1% level of solid impurities, 
but compared to charcoal, where the silica content 
(0.6-0.7%) is at a similar level, they also contain 
petroleum products, metals, and fossil coals. Despite 
differences in the content of these inclusions at the level 
of 0.1 - 0.2%, the composition of exhaust gases from both 
grill fuels is considerably different. While carbon 
monoxide is approximately at the same level (12.164 – 
12.175 g / m3), the level of particulate matter and nitrogen 
and carbon dioxide compounds in the flue gases from 
briquettes is significantly higher. When it comes to 
biomass, wood logs contained the fewest additives that 
can affect the quality of the emitted flue gas. And while 
wood logs can be considered the cleanest fuel in this 
respect, despite the increased bark content, the very 
technique of burning this fuel (mainly fireplaces and 
old-type stoves) results in increased pollutant emissions 
compared to other energy carriers [12]. Wood waste and 
wood chips are the most contaminated biomass, which 
translates into the quality of exhaust gases emitted into the 
atmosphere, just like in the case of barbecue fuels [13]. 
They can also be used as a material to produce pellets, 

which only proves the need to perform a basic 
petrographic analysis of raw materials used for this type 
of production. The pellets, examined microscopically, 
were found to be the least contaminated; this shows the 
care taken during the selection of components and the 
production process [14]. Eco-pea coal in the examined 
polished sections is characterized by a low liptinite 
content (at least three stages of maturity), which indicates 
that it was formed based on several coals of different 
types [15]. On the other hand, the low mineral matter 
content in the analyzed eco-pea coal is related to the prior 
enrichment of coal. The presence of biomass and 
petroleum products shows that the technological course of 
these processes is not very clean or that the coal is stored 
inadequately before its processing. The contaminated 
products should be eliminated from the market; the 
analysis of physical and chemical properties alone will not 
allow us to determine qualitatively and quantitatively the 
mentioned solid contaminants in both fossil fuel and 
biomass products. The main parameter responsible for 
smog formation is particulate matter. A comparison of 
PM 2.5 and PM 10 emissions based on the results [16] 
obtained from measurements taken during the combustion 
of fossil fuels with the results obtained during the 
combustion of grill fuels indicates that these values are 
comparable (Fig. 3). Such high emissions of particulates 
contribute to summer smog when barbecue grills start to 
get used more (allotment gardens, single-family housing 
estates, recreational sites); this applies particularly to 
designated barbecue areas during hot, sunny, and windless 
days. 

 

Figure 3.  Comparison of PM 2.5 and 10 emissions from grilled fuels and particulate matter emissions from solid fuel-fired household furnaces [16] 
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7. Conclusions 
Physico-chemical analyses and petrographic tests for 

the content of solid pollutants in fuels used in heating 
boilers and barbecue grills make it possible to better 
determine the quality of the fuels studied. Petrographic 
analysis of coal (nut coal) did not show additional 
elements (except for rust (0.1%) and mineral matter 
(10.9%)) that could increase the emission of undesirable 
components in the exhaust gas during their combustion. 
However, the high mineral matter content of the examined 
coal (nut) is the reason for increased emissions of oxides. 
In the case of eco-pea coal, this problem has been 
minimized thanks to coal enrichment process. 
Petrographic analysis of coal aimed at determining the 
percentage of mineral content, in addition to the physical 
and chemical analyses already carried out, can help in 
making decisions about their further enrichment, e.g., 
already at mining sites. Maximum reduction of emissions 
of sulfur oxides, carbon, and nitrogen is also possible 
using an appropriate combustion process and flue gas 
filtration. Boiler combustion control systems and the 
knowledge on petrographic composition and physical and 
chemical properties of fuels used are crucial for the 
development of fuel-efficient and low-emission 
combustion systems. Petrographic analysis of fuels for 
household heating, carried out before launching them on 
the market, will further contribute to minimizing the 
negative health and environmental effects of their 
combustion. 
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