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INTRODUCTION 

In the area of solid energy carriers used for economic purposes, there is a 

phenomenon of doping the fuels and solid biofuels with various types of 

additives, often with materials having features typical of hazardous waste. This 

process is carried out both at the production stage of these fuels, e.g., the 

addition of waste in the form of ground plastics or waste furniture boards to 

wooden pellets (Růžičková et al. 2018), as well as during the combustion 

process in individual heating devices (Reyna-Bensusan et al. 2018). Such 

activities constitute a significant problem in the scope of protecting the 

environment (Gulletta et al. 2001) and reducing the emissions of pollutants into 

the environment (Ross et al. 2002; Zhang et al. 2011; Solorzano-Ochoaa et al. 

2012; Maasikmets et al. 2016; Edo et al. 2018), and those responsible for this 

practice are in breach of legal provisions. In Poland, the basic legal act 

regulating issues related to waste management is the Act of 14 December 2012 

on Waste (consolidated text, Journal of Laws of 2019, item 701, as amended). 

In addition, the combustion of unadulterated waste can lead to several adverse 

health effects including diseases of the respiratory and circulatory systems and 

allergic hypersensitivity reactions (Das et al. 2018). A significant portion of the 

pollutants emitted are organic compounds such as polycyclic aromatic 

hydrocarbons (PAHs), which are known to be mutagenic and carcinogenic 

(Johansson et al. 2004; Naeher et al. 2007). 

Globally, more than 62 billion tonnes of municipal wastes are burnt in an 

uncontrolled manner by users during open burning activities according to 

estimates (Wiedinmyer et al. 2014). However, these wastes should be directed 

to landfills or subjected to a recovery process in accordance with applicable 

laws. 

The municipal waste used to generate heat contains a number of organic 

compounds and toxic metals that can be released during the combustion 
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process from individual boilers or furnaces and contaminant the atmosphere, 

where these chemicals may pose threats to the environment and public health 

(Ross et al. 2002; Zhang et al. 2011; Solorzano-Ochoaa et al. 2012; Maasikmets 

et al. 2016; Edo et al. 2018). In addition, following the combustion process, 

furnace waste can have different petrographic and chemical properties 

depending on the formulation of accessible solid fuels, burning techniques, and 

heating devices used. In terms of chemical properties, furnace waste from 

individual furnaces and boilers consists mainly of the mineral part in the form of 

various oxides (e.g., Na2O, MgO, Al2O3, SiO2, P2O5, K2O, CaO, TiO2, and Fe2O3) 

and contaminants such as elements occurring in trace amounts (e.g., heavy 

metals) (Iwanek et al. 2002; Morselli et al. 2002). 

It should be noted that all possible methods in the area of identification of waste 

incineration in individual heating devices must prove with an acceptable 

probability that the physicochemical properties of the collected samples (e.g., 

exhaust gases, soot or ash) significantly differ from the properties of samples 

derived from the combustion of pure fuel (biomass, hard coal or mixtures 

thereof). The methods from the point of view of the test object and the used 

research technique can be divided into several groups: visual evaluation of 

combustion waste, exhaust gas testing, soot analysis, and chemical testing of 

combustion waste.  

On the basis of the literature review, several authors point to the identification of 

the process of municipal waste incineration in central heating furnaces using the 

methods of chemical testing of furnace waste. One of them is a method based 

on chemical testing of metals as indicators of municipal waste combustion, 

which has been indicated by several authors (Horak et al. 2019, Szulik 2018). 

This method appears to be effective for a significant concentration of 

unauthorized additive. However, with a small amount of the additive, it may not 

be sufficient for the intended purpose, because the changes in individual 

elements indicated as indicators will be small and will not allow to make a clear 

conclusion. In addition, work is underway on methods based on testing of plastic 

residues and the concentration of polycyclic aromatic hydrocarbons (PAHs) in 

ash samples (Muzyka et al. 2019). 

The method based on exhaust gas testing is difficult to implement under real 

conditions and the results of such tests will not always allow to make a right 

decision. Based on the performed research, it was observed that combustion of 

fuels under uncontrolled conditions promotes the emission of persistent organic 

pollutants, especially dioxins and furans (PCDD/F) (Grochowalski 2008) and the 

emission of dust containing numerous organic compounds adsorbed on it 

(Gaffney et al. 2009). An interesting solution to inspection of individual heating 

devices is the use of drones. Most often, these tests are used for the initial 

selection of suspicious boilers. 

The soot testing seems promising due to its significant ability to absorb of 

contaminants. Unfortunately, for routine inspections of individual heating 

devices, it may not be effective due to combining several heating devices into 

one chimney draught. 
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Knowledge of the chemical composition of furnace waste as well as petrographic 

studies will allow us to better understand the environmental and health impacts 

stemming from the use of solid energy carries for the generation of heat. The 

aim of this research was to develop a method that can identify the sources of 

furnace waste from indicator data on the furnace waste, i.e., whether it was 

created as a result of burning hard coal, solid biofuels, or hard coal composites 

of solid biofuels and municipal waste. 

The practice of burning solid fuels in combination with municipal waste is illegal 

in many areas because this can lead to the release of harmful atmospheric 

pollutants. In this study, we propose a comprehensive method for identifying 

such activities through the examination of furnace waste. Furnace waste was 

subjected to both chemical and petrographic tests. The presence of bones, 

metals, and plastics in the samples was indicative of municipal waste use. The 

application of such a testing approach to identify these illegal practices can help 

to reduce harmful atmospheric emissions. 

 

RESEARCH MATERIAL 

The performed research was conducted with furnace wastes obtained from end 

users who employed the burning process in individual heating devices. The 

research required that the samples used during the laboratory tests were 

anonymous. The furnace wastes were collected by local government units, 

which performed inspections of individual heating boilers when there was a 

suspicion that the ban on municipal waste incineration had been violated. 

 

 
Fig. 1 Furnace waste from end users employing the combustion process  

(samples 1 to 6) 
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During the sampling, the principle of representativeness of the samples was 

ensured and proper care was taken to avoid contamination of the samples. After 

sampling, the samples were secured in stainless steel containers and provided 

with a unique, protective seal, and then, the samples were forwarded to the 

testing laboratory. Photographs 1 to 6 present the general appearance of the 

research materials used in the tests (Fig. 1).  

Samples were characterized by a variety of structures and graining patterns. In 

some samples, various types of unburnt municipal waste residues such as 

bones were visible. Directly after receiving the research material, evaluations of 

its morphological characteristics (e.g., color, smell, physical form, and sieve 

analysis for ≤ 4.0 mm and > 4.0 mm fractions) were performed to identify the 

original characteristics of the municipal waste (Table 1). 

 
Table 1 External characterization of furnace waste samples with the sieve analysis 

No 
Tested feature/ 

Parameter 

Sample 

1 2 3 4 5 6 

1 Color 
Black/ 
Brown 

Black/ 
Gray 

Black/Gray Gray Dark gray Gray 

2 Smell 
Burned 
biomass 

No characteristic odor 

3 Physical form solid solid solid solid solid solid 

4 

Sieve 
Analysis 
weight 
[g], 
percent
age 
fraction 
[%] 

≤ 4.0 
mm 

weight: 
704.5 
fraction: 
93.5 

weight: 
1874.5 
fraction: 
89.5 

weight:  
983.0  
fraction:  
56.55 

weight:  
743.8  
fraction:  
57.3 

weight:  
794.7  
fraction:  
74.5 

weight:  
842.8  
fraction:  
75.61 

> 4.0 
mm 

weight:  
48.9 
fraction:  
6.5 

weight: 
220.3 
fraction: 
10.5 

weight:  
755.4  
fraction:  
43.45 

weight:  
554.7  
fraction:  
42.7 

weight:  
272.5  
fraction:  
25.5 

weight:  
271.8  
fraction:  
24.39 

5 Sample weight [g] 753.4 2094.8 1738.4 1298.5 1067.2 1114.6 

 

Methods 

In the first stage, the samples were subjected to macroscopic studies to identify 

the presence of unburnt, overburdened substances originating from municipal 

waste. These evaluations were performed on mechanically unchanged 

samples, i.e., samples in the delivered condition. Afterward, the samples were 

subjected to analyses to determine the percentage composition of oxides (Na2O, 

MgO, Al2O3, SiO2, P2O5, K2O, CaO, TiO2, and Fe2O3) and the concentrations of 

elements occurring in trace amounts (Ba, Zn, Cd, Cu, Pb, Zn, Sb, and Zr). 

Petrographic studies were carried out based on the methodology developed 

within the working group of the International Committee for Coal and Organic 

Petrology (Suárez-Ruiz and Valentim 2015; Suárez-Ruiz et al. 2017) with the 

modifications discussed briefly below. 

 

Chemical studies 

First, the furnace wastes were ground to a grain size below 0.2 mm. Then, the 

samples were grounded to grain size fractions below 75 μm and were treated 

by a microwave digestion process that used a 30% hydrogen peroxide (H2O2) 

with a mixture of acids such as HCl, HF, and HNO3. The indicated procedure 



114  New Trends in Production Engineering – Volume 3, issue 1, 2020 

allowed us to dissolve the samples effectively within a comparatively short time, 

and low amounts of reagents were needed in relation to open-space 

mineralization. After completing the process of mineralization, hydrofluoric acid 

(HF) present in the test solution was neutralized with the addition of 5% boric 

acid (H3BO3). The solutions obtained in this way constituted the testing material. 

Afterward, the further examination of the samples was conducted by the use of 

ICP-AES (inductively coupled plasma atomic emission spectrometry) 

techniques. 

The applied research method was subjected to a validation process in order to 

confirm its reasonable application to the specified tests. The usefulness of the 

method was confirmed, and the results from the method were characterized by 

the designated uncertainty. 

 

Petrographic studies 

First, the furnace wastes were ground to a grain size below 1.25 mm, and then, 

these samples were poured into 40 mm diameter molds of screened material 

with a Struers SpeciFix-20 Kit. After removing the mold samples, they were 

subjected to a grinding process on water-resistant abrasive paper with 

successive grain sizes of 800, 1200, and 2500, and at the final stage, the 

samples were polished on a polishing disk. After grinding, the samples were 

washed first under running water and then with distilled water and dried. The 

samples thus obtained were subjected to light-reflected white, polarized, and 

fluorescent light. 

 

RESULTS AND DISCUSSION 

The results of macroscopic examinations are presented in Table 2. These tests 

were carried out before the preparation of the samples for chemical and 

petrographic research. This was necessary to preserve the unchanged 

structures of the material. For example, all of the preparation processes caused 

a change in the grain size of the research material, which would have impeded 

the identification of the original macroscopic structures indicating the presence 

of materials derived from municipal waste. These structures were identified in 

fractions ≤ 4.0 mm. 

 
Table 2 Macroscopic research results for waste samples subjected to examinations 

MACROSCOPIC 
REASERCH 

Sample 

1 2 3 4 5 6 
- - - - bones bones 

metallic metallic metallic metallic metallic metallic 

- - - - glass glass 

plastics - - plastics plastics plastics 

- metallic Zn metallic Zn - - metallic Zn 

- - metallic Al - - metallic Al 

 

The studies carried out confirmed the presence of bones in sample numbers 5 

and 6, and these bones were derived from municipal wastes; hence, these 

results were indicative of the doping of fuel materials by kitchen wastes (as 
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broadly understood). In all of the samples, the presence of metal residues was 

noted; in particular, the existence of metallic zinc (Zn) was detected in sample 

numbers 2, 3, and 6, and the existence of metallic aluminum (Al) was detected 

in sample numbers 3 and 6. 

In sample numbers 1, 4, 5, and 6, plastic residues were identified, which clearly 

indicates that municipal waste was added to the fuel material. 

The results of the chemical tests are presented along with the measurement 

uncertainty. The uncertainty of measurement was determined at the stage of 

validation of the test method as a non-negative parameter characterizing the 

dispersion of the value assigned to the mesurand. At the stage of validation of 

the applied test method, the following features were determined: 

• precision under repeatability and reproducibility conditions, 

• recovery, 

• limit of quantification (LOQ), 

• limit of detection (LOD), 

• method linearity, and 

• uncertainty of measurement, which is presented as an extended value for 

the expansion coefficient k = 2, which means a confidence level of 

approximately 95%. 

The results of chemical tests are presented in Table 3. The highest 

concentration of zinc (Zn) was observed for sample numbers 2, 3, and 6, and 

these data confirm the macroscopic examination results in which zinc (Zn) was 

identified in the same samples. The highest concentrations of antimony (Sb), 

zinc (Zn), and lead (Pb) were observed in sample number 6, in which 

macroscopic and petrographic studies indicated the presence of plastics. The 

elevated concentrations of antimony (Sb), zinc (Zn), and lead (Pb) could have 

been caused by the use of chemical compounds containing these metals as 

additives to reduce the flammability of plastics or to prevent their decomposition. 

The furnace waste from sample number 1 was mainly derived from the 

combustion of solid biomass as indicated by the concentration of K2O at the 

level of 15.60 % (Table 3), which is characteristic for biomass waste. This was 

confirmed by the macroscopic photograph of sample number 1 (Figure 1), on 

which the remnants of unburned biomass were visualized. 

 
Table 3 Chemical properties of waste samples subjected to examinations 

Parameter Unit 
Sample 

1 2 3 4 5 6 

Zn mg/kg 
2223.00 
± 400.14 

36,235.00 
± 6522.30 

113,858.00 
± 20,494.44 

1055.00 
± 189.90 

893.00 
± 160.74 

66,694.00 
± 12,004.92 

Ba mg/kg 
4888.00 
± 1026.48 

10,108.00 
± 2122.68 

8985.00 
± 1886.85 

124.1 
± 26.0 

647.1 
± 135.9 

2814.00 
± 590.94 

Cd mg/kg < 4 
578.9 
± 144.5 

< 4 < 4 < 4 
7.0 
± 1.8 

Sb mg/kg 
25.1 
± 6.7 

19.6 
± 5.3 

< 4 < 4 
10.0 
± 2.7 

155.1 
± 41.85 

Pb mg/kg 
58.0 
± 13.9 

578.9 
± 138.9 

275.0 
±  66.0 

124.1 
± 29.8 

1298.0 
± 311.52 

1746.0 
± 419.0 

Zr mg/kg 
88.1 
± 21.1 

33.2 
± 8.0 

22.6 
± 5.4 

15.3 
± 3.7 

62.8 
± 15.1 

17.2 
± 4.1 

Cu mg/kg 
190.4 
± 45.7 

439.0 
580.0 
± 139.2  

146.0 273.8 
130,934.0 
± 31,424.2 
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± 105.4
  

± 35.0
  

± 65.7
  

Ti mg/kg 
112,133 
± 19,062 

49,910 
± 8484 

27,992 
± 4758 

25,703 
± 4369 

4303 
± 731 

37,193 
± 6322 

SO3 % 
1.42 
± 0.31 

1.86 
± 0.41 

1.56 
± 0.34 

1.22 
± 0.27 

1.66 
± 0.37 

2.15 
± 0.47 

P2O5 % 
1.22 
± 0.18 

0.78 
± 0.12 

1.11 
± 0.17 

0.55 
± 0.08 

0.87 
± 0.13 

0.71 
± 0.11 

MgO % 
3.57 
± 0.57 

2.25 
± 0.36 

2.87 
± 0.46 

4.20 
± 0.67 

2.54 
± 0.41 

1.98 
± 0.32 

CaO % 
8.7 
± 1.5 

16.5 
± 2.8 

11.3 
± 1.9 

25.4 
± 4.3 

30.5 
± 5.2 

15.1 
± 2.6 

TiO2 % 
18.70 
± 3.18 

8.33 
± 1.42 

4.67 
± 0.79 

4.29 
± 0.73 

0.72 
± 0.12 

6.20 
± 1.05 

Al2O3 % 
5.80 
± 1.33 

16.50 
± 3.80 

18.70 
± 4.30 

13.78 
± 3.17 

19.65 
± 4.52 

8.20 
± 1.89 

Na2O % 
0.80 
± 0.17 

5.50 
± 1.16 

4.80 
± 1.01 

1.81 
± 0.38 

1.54 
± 0.32 

2.40 
± 0.50 

K2O % 
15.60 
± 3.74 

0.70 
± 0.17 

1.50 
± 0.36 

2.21 
± 0.53 

1.48 
± 0.36 

7.50 
± 1.80 

SiO2 % 
22.4 
± 3.4 

29.1 
± 4.4 

32.5 
± 4.9 

41.5 
± 6.2 

39.5 
± 5.9 

24.2 
± 3.6 

non-
combustible 
fraction 

% 
75.9 
± 0.8 

88.7 
± 0.9 

92.5 
± 1.0 

58.1 
± 0.6 

91.1 
± 1.0 

93.1 
± 1.1 

combustible 
fraction 

% 
24.1 
± 0.3 

11.3 
± 0.2 

7.5 
± 0.1 

41.9 
± 0.5 

8.9 
± 0.1 

6.9 
± 0.1 

 

The results of the petrographic research are presented in Table 4. On the basis 

of these studies, it can be stated that the sample number 1 was the least 

thermally transformed testing material (Table 4), as large concentrations of 

biomass were observed; it also had the highest content of K2O as previously 

demonstrated in Table 2. In all of the samples (Table 4), the presence of metals, 

mainly iron (Fe) and other common metals, was observed (Figure 2), which 

confirms the macroscopic examination results in which metals were also 

detected (Table 2). The petrographic studies confirmed the presence of plastics 

in sample numbers 3 and 6 (Figure 3). Macroscopic examinations (Table 1) 

showed the presence of plastics in sample numbers 1, 4, 5, and 6. 

 
Table 4 Petrographic properties of wastes samples subjected to examinations 

Parameter Unit 
Sample 

1 2 3 4 5 6 

Organic 
fraction 

Burned (thermal transformed) % 9.2 62.4 10.8 77.6 62.4 21.4 

Un-burned % 3.6 1.6 2.4 6.8 1.6 0.6 

Fused % 37.5 40.6 21.2 72.5 34.9 41.8 

Unfused % 34.4 56.9 60.6 19.4 27.9 58.2 

Structure Dense/Massive % 59.4 69.4 72.7 82.9 51.2 83.6 

Morphology Porous/Vesiculate % 12.5 28.1 9.1 9.0 11.6 12.7 

Optical 
texture 

Isotropic % 71.9 96.9 78.8 91.9 62.8 96.4 

Anisotropic % 0 0.6 3 0 0 0 

Origin 

Coal % 18.8 37.5 9.1 69.2 48.8 40.0 

Biomass % 81.3 62.5 90.9 31.8 48.8 60.0 

Other % 0 0 0 0 0 0 

Inorganic fraction 

Total metallic % 3.6 5.6 2.8 3.6 5.6 9.6 

Metallic Fe % 3.2 2.5 1.2 2.0 2.4 4.8 

Metallic Al % 0.0 1.2 0.8 0.0 0.0 2.8 

Metallic Zn % 0.0 0.0 0.0 0.0 0.0 0.4 

Total non-metallic % 83.6 30.4 84.0 12.0 30.4 68.4 

Glass % 0 0 0 0 0 2 

Plastics % 0.0 0.0 0.4 0.0 0.0 0.8 
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Fig. 2 Identification of metals based on petrographic studies 

 

 
Fig. 3 Identification of plastics based on petrographic studies 

 

The presented research will be an input to the system being developed for 

identifying additives and admixtures in heating materials and their combustion 

products. As part of the research problem, a database for pure fuels and a 

catalogue of pollution images are being developed. 

 

CONCLUSIONS 

On the basis of macroscopic, chemical, and petrographic research, it is possible 

to identify those furnace wastes that have been produced using the combustion 

processes of individual heating devices by adding illicit substances to the fuel 

such as municipal waste. For some samples, macroscopic studies confirmed 

the chemical or petrographic tests and vice versa. The combination of the 

above-mentioned research methodoliges offers a rapid and unambiguous 

method for identifying unauthorized contaminants in furnace wastes from 

individual heating devices. The developed method should contribute to the 

enforcement of laws banning the process of municipal waste combustion. 

Additional, the synergystic effect of macroscopic, chemical, and petrographic 

analyses can give a comprehensive overview of the materials being tested. 

Importantly, the use of all three methods eliminates the risks of mistakes 

because the methods complement each other. 
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With regard to the chemical analyses conducted, significant increases in the 

concentrations of heavy metals in furnace wastes were observed, arising from 

the co-incineration of municipal waste; this was in contrast to the waste 

generated as a result of burning solid fuels. The highest zinc (Zn) concentration 

was observed for sample number 3, while the highest lead (Pb) and copper (Cu) 

concentrations were recorded for sample number 6. The petrographic analyses 

performed confirmed the presence of residual structures after the combustion of 

plastics, glass, and metals, which was indicative of the process of municipal 

waste incineration. 
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Abstract.  
Numerous varieties of solid fuels have been employed for the production of heat in buildings 
and during cooking by utilizing furnaces and boilers. The most commonly used energy carriers 
include hard and brown coal, coke, and wood-based solid biofuels in the form of various types 
of pellets, briquettes, and chips. Notably, furnace and boiler users can combine these fuels in 
any way by changing their proportions. Generally, users of furnaces and boilers are known to 
co-burn solid fuels and various types of municipal waste. However, the municipal waste 
contains a number of organic compounds and toxic metals that can be released into the 
atmosphere during the combustion process; this poses a threat to the health of the 
environment and public. Herein, chemical and petrographic tests were performed to study the 
sources of furnace wastes. This research facilitates the identification of unacceptable 
substances such as plastics, metal filings, and glass. 
 
Keywords: waste combustion, solid biofuels, coal, wood chips, waste 
 

 


