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Abstract
The paper presents the results of studies on ashes produced from burning wood biomass in closed wood-fired furnaces, in 
individual household furnaces (Silesian Province, Poland). Dry sieve analysis and detailed granulometric analysis were 
performed with the Analysette 22 Micro Tec plus analyser. Content of the basic elements (Al, Si, P, Na, K, Mg, Ca, Fe) and 
potentially toxic elements (As, Pb, Cd, Zn, Cu, Ni, Cr, Hg) was determined by atomic absorption spectrometry (AAS) and 
inductively coupled plasma mass spectrometry (ICP-MS). Relative enrichment factors  (REFs) were calculated for the ele-
ments (Pb, Cd, Zn, Cu, Ni, As, Hg, and Cr), and the emissions (E) of Pb, Cd, Hg, and As to the environment were estimated. 
The carbon content (40.2%–45.8%), H (3.7%–6.1%), O (46.2%–50.2%), N (0.12%–0.32%), and S (0.11%–0.96%) in wood 
biomass varies and depends on the wood species and drying period. The content of volatile parts in wood biomass ranges 
between 69.3 and 81%. Ash content varies between 2.6 and 18.3%. The wood calorific value ranges from 13.6 MJ/kg to 
17.4 MJ/kg. Moisture content in the wood biomass ranges from 13.7% (briquette) to 46.7% (fresh birch). Identification of 
mineral composition and phases yields a high share of calcite, monetite, fairchildite, and quartz in the examined ashes. The 
combustion of wood biomass in fireplaces results in increased emissions of Pb and Cd to the atmosphere and may be the 
cause of introducing pollutants to waters and soils during ash storage.

Keywords Chemical composition · Emission factor · Fireplace · Wood ash

Introduction

Wood is used for heating homes in many countries. The 
highest per capita consumption of firewood was recorded in 
Scandinavian and Baltic countries (5–15 GJ/person) and in 
Europe (2–10 GJ/person) (Deniver et al. 2015).

Individual domestic furnaces in open and closed fire-
places mainly generate ash from burning wood and bri-
quettes produced based on hardwood and coniferous wood. 
Ash from burning wood biomass is widely recognised as 
potentially harmless to the environment. In Poland, in 2018, 
the consumption of biomass from wood in individual fire-
places reached 13.2% (GUS 2019), while in other EU coun-
tries it was about 16% (Faraca et al. 2019). It is estimated 

that pollution emissions from wood combustion in residen-
tial buildings account for approximately 45% of PM2.5 dust 
and may have a significant impact on the air quality in a 
given region (Martin et al. 2013; Daellenbach et al. 2016; 
Maasikmets et al. 2016; Corsini et al. 2017; Czech et al., 
2018b, a; Trojanowski and Fthenakis 2019).

The World Health Organisation (WHO) believes that 
such emissions are one of the major global environmental 
risk factors (Carvalho et al. 2016; Tao et al. 2016; Vin-
cente and Alves, 2018; Padilla-Barrera et al. 2019). In the 
process of wood biomass combustion, inorganic compo-
nents can be distributed between the gaseous product and 
the solid ash fraction (Thy et al. 2017). It is estimated 
that almost 70% of PM2.5 comes from wood burning in 
fireplaces and 30% from wood boilers (WHO 2015). The 
contribution of wood burning to air pollution varies and 
according to WHO (2015) during the heating season, 
PM2.5 emissions range from 30 to 90% and PM10 emis-
sions range from 10 to 81%. In Denmark, PM2.5 emissions 
from wood combustion are around 67%. The highest share 
of PM2.5 from wood combustion was found in the winter 
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season in Australia (Launceston) with 95%, followed by 
the USA (Fairbanks) with values ranging between 60 and 
80%. In the southern part of Germany, PM2.5 emissions 
from wood combustion account for around 59%. In Italy, 
wood burning in urban households causes an increase in 
particulate matter from 18 to 76%, and in rural areas from 
40 to 85% (Siergiej and Jędrak 2019). A typical fireplace 
for seasoned wood emits up to 1350 mg of particulate mat-
ter/m3 and up to 2180 mg of particulate matter/m3 when 
burning damp wood, while a fireplace complying with 
emission standards only emits about 40 mg of particulate 
matter/m3 (Kubica and Kubica 2016).

According to Alves et al. (2011), the emission factor 
for biomass combustion in residential buildings is 17.3 g/
kg PM2.5 (Maenhaut et  al. 2012; Martin et  al. 2013; 
Cincinelli et al. 2019). Considering the chemical com-
position of ash and its potential applications, attention 
should be paid to the content of alkaline and potentially 
toxic elements (Czop and Kajda-Szcześniak 2010, 2013; 
Kajda-Szcześniak 2014). According to Vassilev et  al. 
(2012), dried wood contains: 49.5% C, 6.3% H, 44.2% O, 
0.04–0.26% N and 0.2–2.3% mineral compounds. Natural 
biomass is enriched with such elements as: Ca, Cl, H, K, 
Mg, Mn, O, and P (Vassilev et al. 2010; Michalik and 
Wilczyńska-Michalik 2012; Mirowski 2016). CaO,  SiO2, 
 K2O provide for the largest share in wood biomass (Vas-
silev et al. 2010; Ban and Ramli 2011; Garcia et al. 2015). 
Ashes from wood combustion also contain potentially 
toxic elements, such as As, Cd, Ba, Cr, Cu, Ni, Pb, and 
Zn (Cuenca et al. 2013; Vassilev et al. 2014; Berra et al. 
2015; Uliasz-Bocheńczyk and Mokrzycki 2018). Accord-
ing to Jukić et al. (2017) ash from wood burning is char-
acterised by high Zn and Cu content and low Cd and Hg 
content. The phase composition of ashes from biomass 
mainly includes of calcite, sylvite, arcanite, apatite, anhy-
drite, periclase, hematite, and unburned carbon (Vassilev 
et al. 2013; Magdziarz et al. 2018).

The extreme variety of wood biomass burned in house-
holds requires a thorough analysis of its physicochemical 
properties.

This study aimed to identify the potential hazard related 
to burning wood in fireplace-type furnaces in households. 
It is important to determine the concentrations of major, 
potentially toxic elements and phase composition of ashes 
as this waste is managed by stored and used in agriculture. 
Most fireplaces in Poland do not meet emission standards 
and thus contribute to an increase in air pollution with par-
ticulate matter. The number of pollutants emitted depends 
also on the type and quality of wood (e.g. its humidity). 
We estimated emission to the atmosphere of the most toxic 
elements (Pb, Cd, Hg, and As), for which data on emission 
factors can be obtained.

Materials and methods

Material for analysis

The type of biomass and its physical and chemical param-
eters are part of the framework quality requirements of a 
given energy group. There is a common reference source 
for quality requirements for solid biomass, which is most 
often the PN-EN ISO 17,225-1:2014-07 standard. It con-
tains specifications for individual fuels and classes (PN-
EN ISO 17,225-5:2014-07—Part 5: Firewood; PN-EN ISO 
17,225-3:2014-07—Part 3: Wood briquettes).

Ash is produced after burning fresh (birch and alder) 
and seasoned wood (birch, beech, oak, spruce) as well as 
briquettes made of sawdust from deciduous and coniferous 
wood (beech and oak—85%, pine chips—15%). Sawdust 
for the production of briquettes are leftovers from the pro-
duction of wood accessories. The test samples included 
ashes from two wood-fired furnaces of the “closed fire-
place” type, each with thermal power of 18 kW and ther-
mal efficiency of approximately 70–72%. The combus-
tion temperature did not exceed 500 °C. Deciduous wood 
(birch and alder) came from the Andrychów Forest Dis-
trict (Małopolskie Voivodeship), beech and oak from the 
Silesian Voivodeship, and the briquettes were produced in 
Poland. In each furnace from which the ashes were taken 
for analysis approximately 4  m3 of wood were burnt dur-
ing the heating season. We analysed ash from fresh wood 
(seasoned for about 3 months) and seasoned wood (dried 
for about 2–3 years). Samples were taken and prepared for 
analysis in accordance with PN-EN ISO 18,135:2017-06 
and PN-EN ISO 14,780:2017-07 standards.

In total, 14 samples were analysed, 2 samples for each 
ash type. All the samples of ash from wood combustion 
with a mass of approximately 1 kg were reduced using 
the quartering technique (leading to a halving of the sam-
ple mass). On completion of this process, we obtained 
two parts from each ash sample, which were combined 
and subjected to sieve analysis. For each ash sample, 
we separated two fractions with grain sizes < 100  µm 
and > 100 µm. For each of the seven ash fractions (except 
for biomass analyses for C, O, H, N, S, Cl), we prepared 
five analytical samples. Table 1 contains the codes for 
samples of ash from the combustion of wood biomass.

The working methods are presented in the block dia-
gram (Supplementary Information).

Test method

Control of biomass quality parameters includes analysis of 
ash content, moisture content, volatile parts, and calorific 
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value. The calorific value is an important parameter in 
biomass analysis because it depends on the moisture and 
composition of the burned wood. The moisture content 
in wood affects its calorific value. The mineral content of 
wood is determined from the ash content, which depends 
on the type of wood. The chemical composition of biomass 
ash features a high content of alkaline compounds which 
affect its meltability. Ashes from biomass combustion 
exhibit large differences in concentration of potentially 
toxic elements (e.g. Pb, Cd, As). The differences in the 
grain size of the examined ashes result from the type of 
the burned wood. Most often, ashes from wood combus-
tion are characterised by very fine grain size (Mashio et al. 
2011).

Dry sieve analysis was performed and two fractions of 
ashes were separated for further testing: fine (grain size 
below 100  µm) and coarse (grain size above 100  µm). 
Analysette 22 Micro Tec plus laser particle size meter was 
used for detailed granulometric analysis.

Concentrations of basic elements (Na, K, Ca, Mg, Si, 
Al, Fe) in ash samples for selected wood species were 
determined using atomic absorption spectrometry (AAS—
Thermo Scientific SOLAAR M6), and for potentially toxic 
elements (As, Cd, Cu, Cr, Hg, Ni, Pb, Zn, Mn, and Ba), it 
was determined using ICP-MS technique (mass spectrome-
try coupled with inductively coupled plasma—Perkin Elmer 
Sciex Elan 9000).

The ash mineral composition was determined by X-ray 
diffraction using model X’Pert Pro MPD (multi-purpose dif-
fractometer) PW3040/60 X-ray diffractometer of the PANa-
lytical company. Measurement conditions are power supply 

for the lamp: 40 kV voltage, 40 mA current, analysis range 
from 3° to 75° 2Θ, meter stroke 0.01° Θ and pulse count 
time—100 s. Estimated mineral content in ash samples was 
determined using the Rietveld method. Ash morphology and 
phase composition were identified with the use of scanning 
electron microscope PHILIPS XL 30 equipped with EDS 
adapter (EDAX Sapphire type).

Elementary CHNSO FlashSmart series analyser (Thermo 
Scientific) was used for analyses of carbon (C), hydrogen 
(H), nitrogen (N), sulphur (S), and oxygen (O) content in 
tested wood biomass samples. The chlorine content (Cl) 
was determined using the Variomicro CHNS elementary 
analyser.

Weight method in accordance with PN-EN ISO 
18,122:2016-06 was used to determined ash content (A). 
Total moisture content (W) in selected wood species was 
determined using the oven-drying method in accordance 
with PN-EN ISO 18,134-2:2017-03. The content of vola-
tile parts  (Vdaf) was determined using the weight method in 
accordance with PN-EN ISO 18,123:2016-01 and the calo-
rific value (Q) was calculated in accordance with PN-EN 
ISO 18,125:2017-07.

Results and discussion

Grain distribution in ashes

What follows from the grain size distribution obtained in 
sieve ash analysis, is that the fraction smaller than 100 µm 
(min. 67.4% by weight–max. 83.5% by weight) is the largest 

Table 1  Sample codes for analytical tests

Sample code Type of ash Sample code Type of ash
Ash fraction < 100 µm Ash fraction > 100 µm

1 1A Seasoned alder 1B Seasoned alder
2 2A Seasoned birch 2B Seasoned birch
3 3A Fresh birch 3B Fresh birch
4 4A Seasoned alder and oak (1/2 ratio) 4B Seasoned: alder and oak (1/2 ratio)
5 5A Seasoned: beech, alder and oak (1/3 ratio) 5B Seasoned: beech, alder and oak (1/3 ratio)
6 6A Seasoned: beech and spruce (1/3 beech and 2/3 

spruce)
6B Seasoned beech and spruce (1/3 beech 

and 2/3 spruce)
7 7 Wood sawdust briquette

Table 2  Percentage of the ash 
fraction (wt.%)

Ash fraction Sample code

1A 2A 3A 4A 5A 6A 7A

 < 100 µm 79.2 81.3 83.5 77.8 67.4 80.9 100.0
1B 2B 3B 4B 5B 6B –

 > 100 µm 20.8 18.7 16.5 22.2 32.6 19.1 –
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one, and the fraction above 100 µm (min. 16.5% by weight 
to max. 32.6% by weight) is smaller (Table 2).

Granulometric analysis using the Analysette 22 Micro 
Tec analyser yielded a slightly larger percentage share of 
ashes with a fraction lower than 100 µm, at a level of ca. 
84% in ashes from seasoned and fresh birch. Ashes from the 
combustion of wood briquette are characterised by the finest 
grain size of all analysed wood ash samples. Compared to 
the other ashes, a lower content of fractions below 100 µm 
(67.4%) was recorded in the grain composition of ash from 
the combustion of mixed wood (5A).

Basic biomass components and calorific value

Wood biomass is characterised by very high volatile parts 
content (min. 69.3 and max. 81%), with a lower value deter-
mined for fresh birch (69.3%) (Table 3). According to Vas-
silev et al. (2010), mean volatile part content in biomass 
does not exceed 78%.

Samples of fresh birch (18.3%) and briquette (10.7%) 
exhibited the highest ash content (Table 3). High ash con-
tent in fresh birch is due to high moisture content (26.7%), 
which affects wood’s calorific value (14.9 MJ/kg). The ash 
content in firewood residues usually ranges between 0.1 
and 16.5% (Rybak 2006; Vassilev et.al. 2010; Jagustyn 
et al. 2011). The wood is usually not available in dry state 
but exhibits varying humidity levels, which can range from 
15 to 60%, depending on how long it has been seasoned in 
open air. Such a high water content in fuel results from the 
porosity and hygroscopicity of the wood and its structure 
(macroporosity) and chemical composition, mainly the 
presence of cellulose, hemicellulose, and lignin (micropo-
rosity). Especially soft deciduous trees are characterised 
by about 50% humidity in fresh wood (Bębenek 2008). 
The moisture content in wood-derived biomass ranges 

from 13.7 to 46.7%, with the highest moisture content 
recorded for fresh birch (Table 3).

Sulphur and nitrogen constitute undesirable compo-
nents in biomass due to their harmful impact on the envi-
ronment. The lowest S content (0.11%) was found in sea-
soned birch, in other wood biomass samples, the sulphur 
content varied between 0.71 and 0.96%. Zając et al. (2018) 
determined sulphur content in ash from the burning of 
deciduous wood and they found it was in the range from 
5631 ppm (birch) to 5107 ppm (oak) whereas in pine ash 
it was 7142 ppm. Higher values of nitrogen (0.32%) were 
discovered in wood briquettes when compared to other 
samples of the tested samples (Table 3).

Table 4 presents the content of basic elements in ash. 
A high percentage share of Ca, K, P, Al, Si, and Fe was 
discovered in samples of wood biomass ash. The highest 
concentrations of these elements were found in the ash 
fraction below 100 µm. The tested wood biomass ash sam-
ples were characterised by high Fe content ranging from 
5.28 to 17.74%. Higher Fe concentrations were found in 
ash from fresh and seasoned birch and mixed deciduous 
wood (birch, beech, and oak). Such a high Fe content may 
result from soil contamination in highly urbanised areas 
(Silesian Voivodeship) from which wood for combustion 
was sourced. Such high iron content may also be a result 
of wood transport and processing. According to various 
authors (Cuenca et al. 2013; Yeboah et al. 2014; Vassilev 
et al. 2014), ashes from wood biomass contain 0.09–1.32% 
of Fe  (Fe2O3). Higher concentrations of Fe  (Fe2O3 rang-
ing from 3.9 to 8.89%) in wood biomass ash were deter-
mined, among others, by Wang et al. (2008), Koukouzas 
et al. (2009), and Jukić et al. (2017). Zając et al. (2018) 
determined Fe content in wood biomass ash at a level of 
6518 ppm (birch), 9256 ppm (oak), and 3665 ppm (pine). 
These authors point that the bark of deciduous trees 

Table 3  Basic parameters of wood biomass

Parameter Type of wood biomass

Seasoned birch Fresh birch Seasoned alder Seasoned beech Seasoned oak Seasoned spruce Wood 
sawdust 
briquette

W (%) 15.1 26.7 16.8 20.2 18.3 18.6 13.7
A (%) 2.6 18.3 7.7 14.3 14.8 16.8 10.7
Q (MJ/kg) 16.8 14.9 15.0 13.6 15.3 16.3 17.4
Vdaf (%) 76.0 69.3 77.0 72.4 73.1 81.2 81.0
C (%) 45.8 40.2 42.9 43.8 43.7 44.2 43.7
O (%)) 46.2 50.4 49.2 50.2 48.8 46.2 46.5
H (%) 5.1 5.2 4.8 3.7 4.9 5.3 6.1
N (%) 0.12 0.15 0.18 0.12 0.11 0.15 0.32
S (%) 0.11 0.71 0.89 0.75 0.45 0.82 0.96
Cl (%) 0.01 0.03 0.05 0.02 0.01 0.02 0.09
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contains lower Fe concentrations (birch—4560 ppm and 
oak—3841 ppm).

In the tested ash samples of wood biomass, higher con-
centrations of Ca, Na, Mg, P, Fe, and Ba were found in fresh 
birch ash as compared to seasoned birch ash (Table 4). This 
mainly concerns ash fraction below 100 µm.

In wood briquette ash, the highest content of volatile parts 
(81%), Na (5.63%), and P (5.26%) was found in comparison 
with the other tested ash samples. Jukić et al. (2017), Cuenca 
et al. (2013), and Koukouzas et al. (2009) determined Na 
content in wood biomass and found it to range between 0.16 
and 2.05%  (Na2O), whereas P content ranged from 1.03 to 
3.40%  (P2O5).

The highest K content was determined in samples of alder 
(22.36%), birch, oak, and beech (23.55%) (samples 5A and 
5B). The K content in other ash samples tested was in the 
range between 7.09% (samples 3A and 3B) and 16.66% 
(samples 6A and 6B). According to Vassilev et al. (2010), 
the average  K2O content in ash from wood biomass and 
wood combustion is 10.75%. Ban and Ramli (2011) deter-
mined  K2O content in ash from wood combustion and found 
that it was 1.1%. The lowest potassium values were reported 
by Kowalkowski and Olejarski (2013) in birch ash (0.003%) 
and spruce ash (0.03%). Czech et al. (2018b, a) found a high 
content of alkaline metals (K and Na) in PM2.5 emitted from 
the combustion of birch and softwood pellets. Higher Na 
content in the finer fraction of the examined ashes confirms 
this hypothesis. When it comes to K content, its share differs 
slightly depending on ash granulation.

The Mn concentration in the ash samples varies between 
0.02 and 1.47%. The top concentration of Mn was found 
in the ash fraction below 100 µm. Cuenca et al (2013) and 
Wang et al (2008) determined Mn content in wood biomass 
as being in the range 0.1–0.12%. According to Ciesielczuk 
et al. (2011), hardwood ash is characterised by high con-
centrations of Mn (beech—45,193 mg/kg; oak—5462 mg/
kg), similarly as pine ash (Mn—308,545 mg/kg) and spruce 
ash do (7630 mg/kg). Jakubus and Tatuśko (2016) analysed 
ashes from combustion of wood and found Mn content of 
1088 ppm. Symanowicz et al. (2018) determined Mn con-
tent in birch ashes at the level of 919.2 mg/kg, in beech at 
840.2 mg/kg, alder at 421.5 mg/kg, and spruce at 945.7 mg/
kg.

The concentration of Ba in the analysed ash samples 
ranged from 0.03% (samples 5A and 5B) to 1.22% (sam-
ples 4A and 4B). According to Lanzertorfer (2015), Ba con-
centration in ash from mixed leafy and coniferous biomass 
ranges between 0.009 and 0.048%. According to Uliasz-
Bocheńczyk and Mokrzycki (2018), Ba content in birch ash 
is 0.009% and that of oak ash is 0.001%. Higher Ba content 
in the tested ash samples may be due to soil contamination 
in the areas where the trees for combustion were sourced and 
to precipitation (hard coal combustion in the power industry 
and domestic furnaces).

The Ti content in wood biomass ash was found to range 
from 0.22 to 0.37% (Table 4). Higher concentration of this 
element was found in ash samples from burning briquette 
and seasoned birch. According to data found in the literature, 

Table 4  Composition of wood 
biomass ashes

Sample code Ca K Na Mg P Al Si Mn Fe Ba Ti
wt. %

1A 16.96 13.15 0.11 1.87 2.76 3.67 12.31 1.12 5.47 0.48 0.16
1B 9.32 9.21 0.22 0.85 2.23 2.87 13.06 0.02 3.81 0.2 0.09
Totality 26.28 22.36 0.33 2.72 4.99 6.54 25.37 1.14 9.28 0.68 0.25
2A 19.32 6.82 0.22 1.33 3.27 4.21 14.34 1.30 11.63 0.43 0.22
2B 6.68 4.17 0.21 1.02 3.44 3.27 12.39 0.04 3.27 0.1 0.14
Totality 26.0 10.99 0.43 1.35 6.71 7.48 26.73 1.34 14.9 0.53 0.36
3A 20.07 5.66 0.35 2.06 3.16 2.71 12.65 0.58 11.12 0.58 0.16
3B 12.14 1.43 0.31 2.28 3.98 2.26 11.34 0.02 6.62 0.22 0.07
Totality 32.21 7.09 0.66 4.34 7.14 4.97 23.99 0.6 17.74 0.8 0.23
4A 13.86 7.34 0.18 1.09 5.18 3.05 14.06 1.14 3.29 0.83 0.18
4B 14.95 5.92 0.24 1.07 5.92 3.88 14.67 0.09 2.42 0.39 0.1
Totality 28.81 13.26 0.42 2.16 11.1 6.93 28.73 1.23 5.71 1.22 0.28
5A 10.03 10.83 0.24 1.06 1.11 2.45 13.46 0.31 7.13 0.02 0.13
5B 10.95 12.72 0.39 1.12 2.19 3.16 14.12 0.16 8.26 0.01 0.09
Totality 20.98 23.55 0.63 2.18 3.3 5.61 27.58 0.47 15.39 0.03 0.22
6A 18.33 8.14 2.19 1.12 2.87 3.27 12.49 1.17 3.28 0.12 0.18
6B 12.56 9.52 0.21 1.42 2.67 3.12 13.42 0.26 4.46 0.05 0.06
Totality 30.89 16.66 2.4 2.54 5.54 6.39 25.91 1.43 7.74 0.17 0.24
7A 42.96 11.13 3.42 5.63 5.26 5.05 20.68 0.02 5.28 0.11 0.37
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 TiO2 content in wood ash ranges between 0.35 and 0.78% 
(Wang et al. 2008; Cuenca et al. 2013; Jukić et al. 2017).

Potentially toxic elements in wood biomass 
and ashes from its combustion

Concentrations of potentially toxic elements (Pb, Cd, Zn, Ni, 
Cu, As, Hg and Cr) in the tested ash samples vary greatly 
(Table 5). The highest Pb contents were found in ash with a 
fraction below 100 µm, in samples 3A (1640 mg/kg) and 5A 
(1198 mg/kg). Szwalec et al. (2016) report a Pb content of 
0.40 mg/kg d.m. in wood briquette. In samples of ash in this 
fraction (3A, 5A, and 6A), the maximum Zn contents were 
found, at a level of 1878 mg/kg, 1845 mg/kg, and 1216 mg/
kg, respectively (Wiinikka et al. 2013; Szwalec et al. 2016). 
Such high values are probably due to the combustion of birch 
with bark enriched with this element. However, the study by 
Zając et al. (2018) does not confirm these finding as they 
found lower Zn content who in birch and oak bark compared 
to wood coming from these trees. 6A and 7A ash samples 
exhibit higher concentration of As (56–61 mg/kg) compared 
to the other samples analysed (11–38 mg/kg). Higher con-
centration of Cd was also found in 3A (9.6 mg/kg) and 7A 
samples (11.2 mg/kg), whereas samples 1A and 7A (2.1 mg/
kg) and 4A (1.8 mg/kg) exhibited high Hg contents. Wisz 
and Matwiejew (2005) concluded that cadmium content in 
wood briquette ranged between 0.07 and 0.36 mg/kg.

In the ash fraction above 100 µm, the content of poten-
tially toxic elements was significantly lower, except for 

sample 5B where Pb was determined at 1112 mg/kg. This 
is mainly due to the ash granulation, and probably also due 
to the composition of the wood briquette, which consists of 
waste deciduous wood (beech and oak account for 85%) and 
coniferous wood (pine chips—15%). The briquette produc-
tion processes may also matter.

In the tested ash samples, Ni content varied only slightly 
when ash granulation is taken into account. The high-
est Ni content was found in samples 2A (76 mg/kg) and 
7A. According to Kajda-Szcześniak (2014), the high-
est Ni content was found in ash from the combustion of 
beech (187.2 mg/kg) and pine (36.98 mg/kg). According to 
Symanowicz et al. (2018), Ni in ash from wood combustion 
ranges from 32.8 mg/kg (oak) to 91.3 mg/kg (birch). Data 
from subject literature are characterised by high variability 
of potentially toxic elements in wood biomass ash (Table 5).

Concentrations of potentially toxic elements in biomass 
samples before combustion can be written as follows: Zn > 
Cu > Pb > Cd > Ni > Cr > Hg > As (Table 5). High concentra-
tions of Zn and Pb were found in samples of biomass from 
fresh birch and a mixture of deciduous trees (beech, alder, 
and oak). Zn content in these samples was found to range 
from 55.7 mg/kg to 58.1 mg/kg and Pb concentration from 
3.62 to 4.11 mg/kg.

The PN-EN ISO 17,225-2-6:2014-07 standard can be 
used for the assessment of biomass quality with respect to 
trace elements content. It is a standard developed based on 
studies of different biomass types conducted in Sweden, Fin-
land, Denmark, the Netherlands, and Germany, providing 

Table 5  Potentially toxic elements (mg/kg) in wood combustion ashes (WA) and in wood biomass (WB)

1  Supancic et al. 2014; Vassilev et al. 2014; Maresca et al. 2017;Symanowicz et al. 2018

Element 
determined 
in the 
sample

Sample code Literature  data1 (WA)

1A 1B 2A 2B 3A 3B 4A 4B 5A 5B 6A 6B 7A

WA Pb 122 67 365 164 640 145 38 26 198 112 23 18 297 0.682–130
WB 0.72 0.98 3.62 0.12 4.11 0.11 0.86
WA Cd 3.4 2.5 4.2 3.3 9.6 3.1 1.5 0.8 3.5 2.1 2.9 1.8 11.2 0.109–31
WB 0.21 0.35 0.41 0.31 0.22 0.15 0.53
WA Zn 302 16 281 31 878 44 494 93 845 102 606 89 54 18.4–2800
WB 21.6 13.6 55.7 24.9 58.1 46.7 11.5
WA Cu 49 0.51 17 0.6 3.4 0.7 196 23 207 28 145 17 2.1 71.4–440
WB 1.59 1.88 0.2 2.85 3.06 2.18 0.7
WA Ni 43 32 76 43 43 40 25 24 33 31 38 32 67 12–500
WB 0.2 0.28 0.18 0.16 0.17 0.2 0.32
WA As 27 11 19 14 38 26 31 17 23 11 56 28 61 0.09–74
WB bdl bdl bdl 0.06 bdl 0.08 0.09
WA Hg 2.1 1.9 0.9 0.7 0.8 0.4 1.8 1.1 0.7 0.3 0.1 0.1 2.1 0.06–1.2
WB 0.007 0.011 0.008 0.008 0.1 bdl 0.007
WA Cr 66 43 47 41 25 17 31 18 31 20 28 21 64 14–260
WB 1.4 2.2 1.1 0.9 1.1 1.4 1.6
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reference values (typical) and occurrence ranges for particu-
lar elements. The determined concentrations of potentially 
toxic elements in wood biomass exceeded those typical of 
these biomass types found in the above-mentioned standard.

Relative enrichment factor (REF) in potentially toxic 
elements for ashes

The enrichment factor allows determining the accumulation 
of selected elements in ash from wood biomass. This value is 
characteristic of the specific test area from which the wood 
biomass samples were taken. The relative enrichment factor 
(REF) was calculated based on Meij’s formula (1994), which 
takes into account the content of a specific element in the 
biomass ash  (CM

ash), the content of this element in biomass 
 (CM

b) and ash content (A):

The REF calculation results are presented in Fig. 1.
Ashes from wood biomass combustion are enriched with 

potentially toxic elements to varying degrees. In wood bio-
mass ash samples, the calculated REFs are high for Pb, Ni, 
and Hg (Fig. 1). These are ashes from the combustion of 
fresh birch, mixed deciduous and/or coniferous wood, and 
wood briquette. In these samples, the REF values are at a 
similar level. For Ni, the REF values are similar in wood 
biomass ash samples with fractions both below 100 µm and 
above 100 µm. The highest REF value was calculated for As 
in ash from burning a mixture of deciduous wood (alder and 
oak), deciduous and coniferous wood (beech and spruce), and 
wood briquette. In the remaining wood samples, As content 
was not determined (Table 5). Significantly lower REF values 
(2–10) were calculated for the remaining elements (Cd, Zn, 
Cr, and Cu) (Fig. 1). Zn and Cu are remarkable as for them 
REF values are significantly lower in the ash fraction above 
100 µm, compared to the ash fraction below 100 µm.

Estimated emissions of Pb, Cd, Hg, and As 
from burning wood in a closed furnace

Reduction of emissions of potentially toxic elements is one 
of the fundamental elements of EU environmental policy. 
Determination of the amount of potentially toxic pollut-
ants emitted to the atmosphere is of great importance for 
measures taken to improve air quality (Maenhaut et al. 2012; 
Martin et al. 2013; Cincinelli et al. 2019). Wood-fired fur-
naces found in individual households, similarly to hard coal-
fired furnaces, are point sources of atmospheric pollution. 
Households mostly emit them during the winter season.

The amount of emissions introduced into the atmosphere 
depends on the type of fuel, consumption, and fuel param-
eters. For the calculation of Pb, Cd, Hg, and As emissions 

REF = C
M

ash
× AICM

b
× 100.

from wood combustion, we used the data of the National 
Centre for Balancing and Management of Emissions (KOB-
IZE) in Poland for the year 2019, adopting the emission 
factor for wood determined in accordance with the recom-
mendations of the European Environment Agency (EEA 
Report 2019).

Emission volume (E) was calculated per unit of energy 
(1 GJ) based on the relationship including which wood con-
sumption (B), wood calorific value  (W0), and emission fac-
tor (W) of the element in question:

Table 6 presents the calculated factors of Pb, Cd, Hg, and 
As emissions to the atmosphere after combustion of wood 
biomass. For calculations, we assumed 4  m3 of burnt wood 
and 4 Mg of briquette. The 1  m3 weight for particular wood 
species, depending on the moisture content, ranged from 
530 kg (alder) to 750 kg (birch).

Combustion of wood briquettes resulted in the highest 
emissions of lead, cadmium, mercury, and arsenic to the 
atmosphere. It probably results from the type of waste that is 
used for the production of briquettes. In this case, it included 
very fine sawdust generated in the process of production 
of wood products (deciduous and coniferous wood). Com-
bustion of fresh and seasoned birch also results in higher, 
compared to other wood species, emissions of Pb, Cd, Hg, 
and As to the atmosphere (Table 6). Studies have shown that 
the lowest emissions of Pb, Cd, Hg, and As to the atmos-
phere were achieved when burning a mixture of beech and 
spruce. However, spruce is not wood species recommended 
for closed furnaces due to high resin content.

Literature data most often refer to the estimated emission 
of PM10 and PM2.5 to the atmosphere from wood combus-
tion. According to a study by Czech et al. (2018b, a), PM2.5 
emitted from birch combustion is enriched with Zn and the 
average emission factor is 0.683 µg/GJ. Research conducted 
by Schmidl et al. (2007) indicates that emissions from the 
combustion of pellets and wood chips in manually loaded 
wood-fired furnaces amount to 0.09 kg/GJ. Kistler et al. 
(2012) have shown that the highest dust emissions to the 
atmosphere resulted from the combustion of oak (0.22 kg/
GJ). Trojanowski and Fthenakis (2019), in their studies on 
dust emissions to the atmosphere from wood combustion 
in residential buildings, showed that the vast majority of 
the formed particles fall within the nanometre (NP) range. 
The size of the emitted particles is influenced by the type of 
wood and the type of furnace (fireplace).

Wood-fired furnaces of the fireplace type that do not com-
ply with emission standards may provide dust emissions in 
the range of 1350 mg/m3 (dry wood) to 2180 mg/m3 (wet 
wood) (Siergiej and Jędrak, 2019). Out of all the PM 2.5 dust 
from wood combustion, 70% comes from fireplaces and 30% 

E = B ⋅W0 ⋅W
[

mg∕GJ
]

.
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Fig. 1  Calculated  REFs values in ashes from wood biomass
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from fired boilers (WHO 2015). Other authors (Bari et al. 
2011; Amaral et al. 2016) also point to the high emission 
of fine particles (< 10 µm) to the atmosphere as a result of 
biomass combustion. The particulate matter emission rate 
from biomass combustion in residential buildings is 17.3 g/
kg PM2.5 (Alves et al. 2011).

Wood burning can cause an increase in particulate matter 
concentration, which in turn causes eye irritation, affects the 
respiratory system, can cause heart rhythm issues, and lead 
to stroke (Riddervold et al. 2012; Robinson 2015; Eze et al. 
2015; Morakinyo et al. 2016; Shi et al. 2016; Kasangana 
et al. 2017).

Phase composition of wood biomass ash

Mineral content in the tested ash samples was determined by 
X-ray diffraction. In all tested ash samples with the < 100 µm 
fraction, dominant components included calcite  (CaCO3), fair-
childite  (K2Ca(CO3)2), periclase (MgO), monetite  (CaHPO4), 
and quartz  (SiO2). The percentage share of these minerals var-
ies depending on the type of wood biomass burnt. Ashes from 
burning fresh birch (3A) and seasoned birch (2A) contain the 
most calcite (about 57%) in comparison with other tested ash 
samples (23%–37%). The estimated content of fairchildite, 
(19%–23%) and monetite (8%–16%) was higher in samples 
of ash from the incineration of seasoned birch (2A) and alder 
(1A) compared to the other ash samples.

In ashes with a fraction above 100 µm, the main minerals 
included calcite and quartz. In fresh (3B) and seasoned (2B) 
birch ash, calcite content was estimated at 83% and 64%, 
respectively. Michalik and Wilczyńska-Michalik (2012) 
found high quartz content in beech bark ash (56%–58%). The 
share of quartz in these ash samples ranged from 25 (3B) to 
32.5% (2B). Auxiliary components in the tested ashes (2B, 
3B, 4B, 5B, 6B) included periclase (MgO), apatite(Ca5(PO4
)3(OH,F,Cl), sylvite (KCl), dolomite ([CaMg(CO3)2]), cal-
cium oxide (CaO), and portlandite (Ca(OH)2).

The crystal structure models were calculated using the 
ICDD database. Information on the quantitative, relative 
content of crystalline phases (the method does not take into 
account the amorphous phase) was obtained based on the 
Rietveld method, which consists of calculating the theoretical 
diffractogram and fitting it, using the least-squares method, to 
the experimental diffractogram. The amount of the “t” phase 

after running the Rietveld method was estimated using the 
following formula (Gąsiński and Poszytek, 2013):

where
St—weight share of the crystalline phase s in the i-phase 

mixture.
At—phase scale factor s.
Bt—number of formal units in the elementary cell of 

phase s.
Mt—weight of the formal unit of phase s.
Vt—volume of the elementary cell of phase s.
n—number of modelled crystalline phases.
The content of these components calculated was esti-

mated using the Rietveld method at less than 4%. Among 
mineral components, calcite (93%) and portlandite (7%) 
content were determined in sample 1B (alder ash). As a soil 
component, quartz is very often found in ash from wood 
biomass (Bostrom et al. 2012; Sano et al. 2013). The high 
content of Al, K, and Na in wood biomass ash results from 
burning intense combustion of fossil fuels in a given area 
and their concentration in soil and tree bark (Sano et al., 
2013). Their phytoavailability is expressed by the following 
relationship: K > Ca > Mg < P.

Ash analyses by means of scanning electron micros-
copy allowed us to determine the morphology and chemi-
cal composition of individual particles and ash aggregates. 
The monetite substance in ashes from combustion of wood 
biomass usually contains admixtures of Mg, K, and Mn in 
variable amounts (Fig. 2). It coexists with calcite and Mg, 
Mn, and Ba oxides forming openwork forms and aggregates 
which mutually overgrow one another. Inclusions of fairch-
ildite and portlandite are also present in this substance.

The pores being the residue after wood combustion are 
usually filled with a substance consisting of iron and tita-
nium oxides  (Fe2O3;TiO2) and aluminosilicate substances 
and aggregates (Fig. 3).

The phase composition of ash from wood biomass com-
bustion includes inorganic components, both amorphous and 
crystalline (Vassilev et al. 2013). Many authors (Maschio 
et al. 2011; Jukić et al. 2017; Maresca et al. 2017) indicate 
that the main components in ash from wood combustion 

S
t
= A

t
B
t
M

t
V
t

/

∑

n

A
n
B
n
M

n
V
n

Table 6  The value of emissions 
(mg) of some elements from 
the combustion of wood and 
its products in closed furnaces 
(fireplace)

E (mg) W (mg/GJ) Emissions to the atmosphere—analysed samples

1 2 3 4 5 6 7

Pb 27 858.6 1161.2 1206.9 997 1037.6 872.8 1879.2
Cd 13 413.4 559.1 475.2 480.9 477.1 420.2 904.8
Hg 0.56 17.8 24 20.5 20.7 20.5 13.5 38.9
As 0.19 6 8.1 6.9 7 6.9 6.0 13.2
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include quartz, calcite, periclase, and calcium oxide. 
Maresca et al (2017) also report the presence of hematite 
 (Fe2O3) in spruce ash.

Calcite, which is present in the fibrous wood tissues, was 
also observed in wood biomass (Fig. 3a). Quartz mainly fills 
the cavities between bark crumb and pulp (Fig. 3b). Calcite is 
most often found on the wood surface and contains Mn and/or 
Ba (Fig. 3b, c). Ashes from the combustion of wood that has a 
long growth period may have a different mineral composition 
and higher concentrations of heavy metals (Nunes et al. 2016).

Statistical analysis of results

Basic statistical parameters were calculated for the test 
results: coefficient of variation (CV) and variance (V). Using 
Pearson’s linear correlation coefficient, an attempt was made 
to determine the relationship between potentially toxic ele-
ments and ∑Si + Al and ∑Ca + K (Table 7). The coefficient 
of variation, like the standard deviation, is used to investi-
gate the degree of variation in the value of a variable. The 
calculated coefficient of variation in the range of 0–20% for 

1 2 

3 4 5 

Fig. 2  SEM and EDS images of particles in ashes from combustion of birch seasoned at 500 °C

Fig. 3  SEM images showing phases in ash from seasoned birch combustion (a—calcite with Mn in the wood structure after burning; b—quartz; 
c—calcite with Mn and Ba)
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potentially toxic elements is indicative of low variation in 
the chemical composition of wood ash. The calculated vari-
ance values are indicative of high variability of Pb (1A and 
1B), Zn (1A, 2A, 4A, 4B, 6A, 6B), and Cu (6A) in relation 
to the mean value in the tested ash samples. The correla-
tion coefficient Pearson (r = 0.00–0.10 negligible correla-
tion; r = 0.10–0.39 weak correlation; r = 0.40–0.69 moderate 
correlation; r = 0.70–0.89 strong correlation; r = 0.90–1.00 
very strong correlation) was used to assess the relationship 
between the determined elements (Schober et al. 2018). 
High correlation coefficients values (r = 0.70–0.89) were 
found for potentially toxic elements (Pb, Cd, Zn, Cu, As, 
and Ni) against ∑Ca + K. This is mainly due to the high con-
tent of alkaline components (Ca, K, Na) in natural biomass. 

The highest Ca content was found in tree bark (Mirowski 
et al. 2018). Moderate correlation coefficients were found for 
potentially toxic elements relative to the ∑Si + Al sum. The 
average content of the most common oxides in the chemical 
composition of natural woody biomass, can be represented 
as follows (Vassilev et al. 2010): CaO >  SiO2 >  K2O > Mg
O >  Al2O3 >  P2O5. The lower concentration of Si and Al in 
the natural woody biomass and the investigated ash sam-
ples affects the correlation with potentially toxic elements. A 
large number of strong and moderate significant correlation 
coefficients is indicative of statistically significant relation-
ships that exist between the determined potentially toxic 
elements and the concentrations of ∑Ca + K and ∑Si + Al.

Table 7  Values of Pearson correlation coefficients for potentially toxic elements calculated concerning ∑Ca + K and ∑Si + Al, and statistical 
parameters in wood ashes (n = 5)

r = 0.00–0.10; r = 0.10–0.39; r = 0.40–0.69; r = 0.70–0.89

Element 1A + 1B 2A + 2B 3A + 3B 4A + 4B 5A + 5B 6A + 6B 7A 1A–1B 2A–2B 3A–3B 4A–4B 5A–5B 6A–6B 7A
∑Ca + K Coefficient of variation (CV)

Pb 0.87 0.78 0.85 0.85 0.84 0.86 0.53 5.38
2.44

3.78
1.89

0.98
2.07

5.69
6.39

1.04
1.45

12.8
9.36

1.54

Cd 0.81 0.77 0.89 0.83 0.88 0.73 0.24 4.81
10.51

4.94
4.85

2.61
4.03

5.44
4.82

3.64
7.77

3.39
5.55

2.94

Zn 0.88 0.89 0.88 0.82 0.34 0.88 0.59 1.95
10.51

2.34
6.83

0.91
4.91

0.93
4.83

0.54
2.48

1.46
5.26

6.03

Cu 0.65 0.77 0.57 0.60 0.07 0.84 0.80 3.5
12.09

9.9
19.86

7.51
4.91

1.07
4.5

7.5
1.99

7.86
7.82

8.23

Ni 0.78 0.69 0.82 0.81 0.29 0.75 0.50 5.85
7.75

2.23
3.19

3.97
8.55

5.27
7.19

5.85
7.75

5.46
2.55

4.4

As 0.39 0.76 0.89 0.84 0.73 0.87 0.00 7.08
15.89

4.47
6.63

4.52
8.16

5.38
10.2

7.67
15.89

5.12
6.15

3.39

Hg 0.76 0.82 0.89 0.80 0.77 0.46 0.13 3.89
6.62

10.94
20.2

13.21
12.83

7.08
7.42

11.65
0.0

0.0
0.0

7.77

Cr 0.82 0.14 0.70 0.65 0.81 0.53 0.63 3.8
4.08

4.41
5.27

10.1
4.8

6.7
12.0

5.56
6.3

5.51
6.0

6.38

Element 1A + 1B 2A + 2B 3A + 3B 4A + 4B 5A + 5B 6A + 6B 7A 1A–1B 2A–2B 3A–3B 4A–4B 5A–5B 6A–6B 7A
∑Si + Al Variance (V)

Pb 0.60 0.35 0.64 0.62 0.44 0.74 0.22 44.25
0.03

188.92
9.67

39.0
8.92

4.67
2.92

4.25
8.25

8.67
2.92

3.92

Cd 0.75 0.73 0.73 0.62 0.82 0.77 0.32 0.03
2.92

0.04
0.03

0.06
0.02

0.01
20.25

0.02
0.03

0.01
0.01

0.11

Zn 0.77 0.77 0.39 0.77 0.03 0.62 0.49 34.67
2.92

43.58
4.33

63.0
4.67

20.92
20.25

20.92
6.33

76.92
21.67

10.92

Cu 0.49 0.60 0.57 0.60 0.00 0.71 0.70 2.92
0.004

2.92
0.02

0.06
4.67

4.33
2.92

16.92
6.25

124.6
1.66

0.03

Ni 0.70 0.66 0.72 0.72 0.30 0.79 0.61 6.25
6.25

0.92
1.67

1.67
6.92

1.67
2.92

6.25
6.25

4.25
0.67

8.67

As 0.56 0.24 0.41 0.43 0.17 0.43 0.00 3.58
2.92

2.92
2.92

2.92
4.44

2.92
2.92

2.92
2.92

11.58
2.92

4.25

Hg 0.49 0.48 0.45 0.44 0.38 0.33 0.00 0.01
0.02

0.01
0.01

0.01
0.003

0.02
0.02

0.01
0.0

0.0
0.0

0.03

Cr 0.60 0.22 0.56 0.72 0.66 0.54 0.26 6.25
3.0

4.25
3.67

6.25
0.67

4.25
4.67

2.92
1.67

2.25
1.67

16.67
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Further research in this area, on a larger sample, is being 
carried out, and the results obtained will allow to draw cor-
rect conclusions and perform correct statistical calculations.

Conclusion

The type of wood, its storage time, and conditions influence 
the calorific value and thus on the energy efficiency during 
combustion and, above all, the chemical composition of the 
generated ash.

In the ash fraction below 100 µm, high contents of Ca, 
K, Si, and Fe and potentially toxic elements were recorded. 
The high concentration of Fe in wood biomass ash is prob-
ably determined by the mineral composition of soils and 
the location of wood harvesting. In the phase composition 
of seasoned wood, we determined iron oxides, which can be 
found in fibrous tissues.

Relative enrichment factors  (REFs) calculated for As, Pb, 
Ni, and Hg in ashes were significantly higher compared to 
the other elements (Cd, Cu, Zn, Cr). The results obtained are 
indicative of the need to monitor the content of potentially 
toxic elements in burnt wood biomass, due to the high vari-
ability of the concentration of these elements.

The average calculated values of Pb, Cd, Hg, and As 
emissions for the examined ash are the highest for the com-
bustion of wood briquettes and the lowest for the combustion 
of spruce. Combustion of these wood species may contribute 
to the deterioration of air quality in areas where fireplace 
furnaces are used to heat houses.

The phase composition of ash from wood biomass is 
dominated by calcite, fairchildite, periclase, monetite, and 
quartz. Their percentage share depends on the type of wood 
biomass.

Further research is needed taking into account the chemi-
cal properties of wood biomass and its commercial products 
as additional assessment criteria.
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