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1 Abstract 
 
Background: The European Commission’s “Thematic Strategy on Air Pollution” 
(Communication, 2005), which was developed as a long-term, strategic and inte-
grated policy advice to protect against significant negative effects of air pollution on 
human health and the environment, addresses small scale combustion units as in-
creasingly important emission sources. In this context emission measurement pro-
grammes were carried out at small-scale combustion units and domestic stoves in 
Germany (6 kW - 450 kW) to determine the fine dust in waste gases. 
 
Methods: The PM10, PM2.5 and PM1.0 fractions in the waste gas were sampled using 
a cascade impactor technique. Additional total dust concentrations were determined. 
Waste gas samples were taken from small-scale combustion units and domestic 
stoves, firing lignite briquettes, wood, wood pellets and energy grain. 
 
Results: In total 250 individual measurement results were obtained during 31 differ-
ent measurement campaigns. The study found out that the PM10-proportions for all 
results vary typically between 92 - 99 % of the total dust, the PM2.5-proportion be-
tween 79 - 97 % and the PM1.0 proportion between 63 - 91 % of the total dust.  
Typical particle size distributions for different combustion processes, when presented 
as cumulative frequency distributions, were nearly straight lines when plotted as a 
RRSB diagram. For more structural information the particle size distributions were 
also presented as logarithmic frequency distributions. The particle size distributions 
determined for the different combustion units and different fuels show interesting 
similarities with high to very high portions of fine particles. In comparison to other in-
dustrial processes like mechanical, chemical or mixed processes clear differences 
could be identified. In these cases the particle size distributions show obviously 
coarser particle proportions. 
 
Conclusion: The results demonstrate that solid fuel combustion in small-scale units 
without abatement technique induced enhanced levels of PM-emission and very high 
proportions of fine particles in the waste gas. The highest levels of total dust emis-
sion concentration comparing our bio fuel results were found, if energy grain was 
used as fuel. Wood pellet combustion produced the lowest total dust emission. 
 
Keywords: small scale combustion units, PM10-, PM2.5-, PM1.0-emission, bio fuel, 
wood pellets, energy grain, impactor, emission measurement 
 
2 Introductions 
 
The European Commission’s “Thematic Strategy on Air Pollution” (Communication, 
2005), which was developed as a long-term, strategic and integrated policy advice to 
protect against significant negative effects of air pollution on human health and the 
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environment (WHO Air quality guidelines, 2006), addresses small scale combustion 
units as increasingly important emission sources.  

On the other hand the European Commission actively supports the use of biomass 
for producing energy. The aim is to increase the use of renewable energy and to 
avoid an increase of the greenhouse gas CO2 in the global atmosphere. Partly be-
cause of this support the use of wood and non-wood biomass fuels is increasing 
across the EU member states. Small-scale biomass combustion is normally used for 
heat production. Biomass is often used in small-scale combustion units. Low costs 
associated with short transportation distances have increased the interest in using 
various bio fuels in small-scale heating plants. Using non-fossil fuels has numerous 
advantages. However, some of the emissions produced can still be harmful e.g. soot, 
fine particulates, hydrocarbons and carbon monoxide and NOx. Small-scale biomass 
combustion has been proven to be a very important cause of fine particle emissions 
together with emissions from the transportation sector. This problem is recognized by 
authorities in the EU-countries and new and more stringent regulations limiting the 
emissions are expected to become implemented in the near future. At present there 
are no common international standards for emission control from small-scale bio fuel 
burning, national or even regional emission standards are used.  

In this context emission measurement programmes were carried out at small-scale 
combustion units and domestic stoves in Germany (6 - 450 kW) to determine the fine 
dust in waste gases. 
 
3 Experimental 
 
3.1 Sampling  
 
The PM10, PM2.5 and PM1.0 fractions in the waste gas were sampled (VDI 2066 Bl. 5, 
1994) using cascade impactors as 8- or 6-stage Anderson Impactors, type Mark III 
(material:  stainless steel) and/or with a 6-stage impactor of the company Stroehlein 
type STF 1 (material: Titanium). Preliminary investigations showed that technology-
based particle size distributions determined with both impactors agreed well under 
same sampling conditions. The impactor measurements had normally been per-
formed as grid measurements in accordance with the guideline (VDI 2066 Bl. 1, 
2006, EN 13284-1).  
Additional total dust concentrations were determined to be able to specify the re-
quired suction times for the impactor samplings. For the particle separation perfo-
rated collecting plates and the backup filter made of glass fibre material were used. 
The determination of the sucking sample gas flow was carried out by means of ther-
mal mass flow meters. 
The high dust concentrations at the investigated domestic fire places often required 
sampling times, substantially shorter than the necessary time for the complete burn-
up of the fuel. However, investigations proved that in the first third of the combustion 
cycle (in this time the impactor measurements took place) most of the particle load 
had been emitted. 
Waste gas samples were taken from small-scale combustion units and domestic 
stoves, firing lignite briquettes, wood, wood pellets and energy grain. 
The operating conditions of the respective stove or combustion unit were determined 
and documented during the sampling periods. Furthermore other relevant pollutants 
or components, e.g. CO, CO2, NOx, O2 and SO2 in the waste gas of the plant were 
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measured with standardized measurement methods (VDI guidelines, CEN standards) 
and officially approved measurement instruments. Also the flue gas conditions 
(velocity, static pressure, temperature and water vapour content) were determined. 
As an example the test arrangement and the installation of measurement ports on 
the household stove (table1, No 1 - 8) are shown in figure 1.  
 

 
Fig. 1: Test arrangement household stove (brown coal briquette) 
 
All measurements were performed with a set of quality assurance measures accord-
ing to (EN ISO/IEC 17025, 2005). All combustion operating and measured parame-
ters were documented carefully according to a standardized report guideline  
 
3.2 Small scale combustion units and domestic stoves 
 
The tested small-scale combustion units and domestic stoves are described by their 
performance characteristics and used fuels in Table 1. Also the numbers of PMx-
samplings and the determined values of total dust, PM10, PM2.5 and PM1.0 as well as 
the kind of dust separation are given.  
The investigated small-scale combustion units and domestic stoves can be divided in 
four groups: combustion of coal (brown coal briquette), wood, energy grain and wood 
pellets. Stoves and small scale firing units were tested in the range of performance of 
4 kW to 420 kW. 
 
4 Results and Discussion 
 
In total 250 individual measurement results were obtained during 31 different meas-
urement campaigns (Universität Stuttgart 1999, 2001; Landesamt für Umweltschutz 
1997 – 2006; Ehrlich et. al. 1999, 2000). 
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Table 1:  List of investigated plants with performance characteristics, assigned fuels 
and measurement results  

No. small scale firing units fuel  number perfor-
mance 

dust separa-
tion 

mean 
value 4) 

mean value of 

   of during  of total PM10 PM2.5 PM1.0
   sam-

plings 
measure-

ment 
 dust 

in 
   

    period  mg/m³ in % in % in %
  coal        
1 household stove 6 kW LAUBAG-bcb1)2) 3 6 kW without 93 93.4 85.4 76.6 
2 household stove 6 kW LAUBAG-bcb 1)3) 2 6 kW without 121 91.6 84.1 75.7 
3 household stove 6 kW MIBRAG-bcb1)2) 3 6 kW without 229 95.9 83.5 63.8 
4 household stove 6 kW MIBRAG-bcb1)3) 3 6 kW without 206 90.5 80.5 63.1 
5 household stove 6 kW Polish bcb1)2)  2 6 kW without n.m.5) 95.8 80.8 65.0 
6 household stove 6 kW Polish bcb1)3)  2 6 kW without 163 93.5 77.0 63.3 
7 household stove 6 kW Bashkirian bcb1) 3 6 kW without 350 91.3 80.8 70.6 
8 household stove 6 kW MIBRAG-bcb1) 3 6 kW without n.m.5) 94.0 85.6 75.4 
  wood        
9 firing plant 175 kW chips 1 177 kW cyclone 30 93.5 84.4 80.0 
10 firing plant 175 kW chip board 1 139 kW cyclone 94 98.5 86.2 79.8 
11 firing plant 150 kW chips 1 148 kW without 29 95.1 72.1 66.9 
12 firing plant 150 kW chips 1 43.4 kW without 28 99.6 93.8 86.9 
13 firing plant 150 kW joinery residues 1 133 kW without 150 74.2 57.8 52.7 
14 firing plant 150 kW coloured pencil 

residues 
1 112.5 kW without 42 71.3 43.7 39.0 

15 firing plant 450 kW log wood 1 416.5 kW multi-cyclone 71 100 96.5 89.0 
16 firing plant 450 kW log wood 1 273 kW multi-cyclone 69 98.0 79.7 63.1 
17 small scale firing unit 9kW log wood beech 1 9.4 kW without 98 98.9 95.8 92.8 
18 small scale firing unit 9kW log wood beech 1 7.5 kW without 68 98.2 90.2 70.9 
19 small scale firing unit 9kW log wood pine 1 8.2 kW without 59 98.9 95.2 91.8 
20 small scale firing unit 9kW log wood pine 1 6.8 kW without 106 99.2 97.6 94.1 
21 chimney stove 6 kW log wood beech 1 5.7 kW without 123 99.7 98.4 87.3 
22 chimney stove 6 kW log wood beech 1 4.1 kW without 130 97.8 95.5 86.6 
  energy grain        
23 firing plant 45 kW winter barley  3 38 kW without 157 97.9 92.5 81.8 
24 firing plant 45 kW winter barley 3 21 kW without 129 97.7 90.4 77.5 
25 firing plant 45 kW winter wheat 3 41 kW without 143 97.8 90.2 79.4 
26 firing plant 45 kW winter wheat 3 22 kW without 97 97.9 88.3 73.6 
27 firing plant 45 kW winter barley  3 39 kW without 106 98.1 91.9 75.0 
28 firing plant 45 kW winter barley 3 21 kW without 74 98.0 89.1 69.7 
  wood pellets         
29 pellet stove 8.5 kW wood pellets 1 8.0 kW without 21 99.0 95.3 92.9 
30 firing plant 45 kW wood pellets 3 39 kW without 11 93.7 85.6 81.4 
31 firing plant 45 kW wood pellets 3 22 kW without 39 97.5 89.3 83.2 
 1) bcb = brown coal briquette  3) before cooling 
 2) after cooling 

5) n.m. = no measurement 
 4) standard temperature (273.15 K), pressure 

(101.3 kPa) after correction for the water va-
pour content, O2- content 11% 

 
It is common practice to plot size distribution data in such a way that a straight line is 
the result. This simplifies data analysis, e.g. for reading of essential parameters like 
PM10, PM2.5 or PM1.0 and can be done if the distribution fits a standard law. In this 
study the best fit with the experimental data was gained by using the cumulative fre-
quency particle size distribution (D) according to Rosin, Rammler, Sperling, and 
Bennet (RRSB) (Batel 1964). Another illustration method is the depiction of the fre-
quency distribution (Y) over the PM diameter, which has been used too:  
Y= -dR/d(log d) (R is the cumulative residue distribution, R= 1 – D) (Batel 1964). 
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The particle size distributions determined for the different combustion units and dif-
ferent fuels show interesting similarities with high to very high proportions of fine par-
ticles. In comparison to other industrial processes like mechanical, chemical or mixed 
processes clear differences could be identified. In these cases the particle size distri-
butions show obviously coarser particle proportions (Ehrlich, C. et. al., 2006). 
Figs. 2 - 9 typify the particle size distributions in the flue gases of small combustion 
plants. 
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Fig. 2: PM size distributions of brown coal briquette firing; RRSB cumulative fre-

quency distribution (numbers according to table 1) 
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Fig. 3: PM size distributions of brown coal briquette firing; frequency distribution 

(numbers according to table 1) 
 
 
Fig. 2 and 3 show the particle size distributions of the emissions from various types 
of brown coal briquette fired in a household stove. In general a bi-modal particle size 
distribution appears in the combustion processes (Szpila et. al. 2003). The density 
distribution in Fig. 3 shows two modes, one in the submicrometer range (0.3 - 
0.8 µm) and the other (smaller) in the coarse range (5 - 10 µm).  
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Fig. 4: PM size distributions of wood firing; RRSB cumulative frequency distribution 

(numbers according to table 1) 
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Fig. 5: PM size distributions of wood firing; frequency distribution (numbers accord-

ing to table 1) 
The particle size distributions of the 9 kW furnaces fired with log wood (beech, pine) 
(see plants No. 17 - 22 in Figs. 4 and 5) showed a greater proportion of fine particu-
lates (see also table 1) than briquette-fired plants of a similar capacity (plants No. 1 
to 8 in Figs. 2 and 3). The fine particulate fraction, which extends into the ultrafine 
range, can not be completely collected by the measuring technique used here (VDI 
2066 Bl. 5 1994). These fine and ultrafine particles are formed from volatile exhaust 
components that condense during cooling in the exhaust duct and deposit on the sur-
faces of existing fine particles (such as soot) or form new particles. In the case of 
biomass combustion, in this case wood, volatile alkali compounds such as potassium 
salts are also present. Wood combustion plants with larger capacity (175 - 450 kW, 
plant No. 9 - 16, Figs 4 and 5) show distinctly coarser PM distributions. Here, it 
seems that coarser mineral ash components are carried away by highflow caused by 
the suction ventilators thereby enhancing the "coarse" mode. 
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Fig. 6: PM size distributions of energy grain firing; RRSB cumulative frequency distri-

bution (numbers according to table 1) 
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Fig. 7: PM size distributions of energy grain firing; frequency distribution (numbers 

according to table 1) 
Firing energy grain shows similar fine PM size distributions. Similar to the wood com-
bustion fine and ultrafine particles are formed by volatile exhaust components like 
potassium salts that condense during cooling in the exhaust duct and deposit on the 
surfaces of existing fine particles (such as soot) or form new particles. In (Nussbau-
mer, T., 2003) it was shown, that particles from wood combustion are mainly formed 
by nucleation, coagulation, and condensation during temperature decrease in the 
boiler. 
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Fig. 8:  PM size distributions of wood pellets firing; RRSB cumulative frequency 

distribution (numbers according to table 1) 
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Fig. 9: PM size distributions of wood pellets firing; frequency distribution (numbers 

according to table 1) 
 
Firing wood pellets shows very fine PM size distributions comparable with the PM 
size distribution of emitted particles from wood combustion stoves (4 - 10 kW). 
 
 
Further evaluations were made of the individual plant groups1 investigated. The re-
spective PM10, PM2.5 and PM1.0 values are represented in box whisker diagrams – 
see Figs. 10, 11 and 12. A box indicates the range of the 25 and 75 percentile of the 
measured values and the biggest and smallest value of the measurement are indi-
cated with a cross, a (-) indicates the 50 percentile.  
 

 

                                                 
1 The results of plant No 13 and 14 (table 1) are not included in the following data analysis, since in these cases 

residues or waste materials and not untreated wood were combusted. 



 9

0

10

20
30

40

50

60

70
80

90

100

brown coal
briquette

wood energy grain wood pellets

pr
op

or
tio

n 
of

 P
M

10
 [%

]

 
Fig. 10:  Proportion of PM10 in percent (%) for all investigated small scale combus-

tion units 
In the study was found out that the PM10-proportions for all results vary typically be-
tween 92 and 99 % of the total dust. 
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Fig. 11: Proportion of PM2.5 in percent (%) for all investigated small scale combustion 
units 

 
The PM2.5-proportion of all results ranges between 79 - 97 %. 

 



 10

0

10

20
30

40

50

60

70
80

90

100

brown coal
briquette

wood energy grain wood pellets

pr
op

or
tio

n 
of

 P
M

1.
0 [

%
]

 
Fig. 12:  Proportion of PM1.0 in percent (%) for all investigated small scale combus-

tion units 
 
The PM1.0 proportion of all results varies between 63 - 91 % of the mass concentra-
tion of the emitted total dust.  
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Fig. 13:  Total dust (PM) in mg/m³ for all investigated small scale combustion units 

(mg/m³ related to standard temperature (273.15 K), pressure (101.3 kPa) 
after correction for the water vapour content, O2 content 11%) 

 
In comparison the results show enhanced total dust emission concentration, firing 
coal or bio fuels in small scale combustion units without abatement technique. Firing 
energy grain, our results range from 100 to 140 mg/m³ of total PM, on the other hand 
firing of wood pellets leads to 10 - 40 mg/m³. 
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This corresponds in principle with literature (Nussbaumer, T. 1999, 2003): Biomass 
combustion leads to relatively high emissions of particulates, i.e., well above 50 
mg/m³ at 11 Vol. % O2. The majority of the particulates are smaller than 10 µm (i.e., 
particulate matter PM10) with a high share of submicron particles (PM1.0). 
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Fig. 14:  Idealized and averaged PM size distribution as frequency distribution for all 
investigated small scale combustion units (d’ and n according to RRSB, 
(Batel, 1964)) 

 
Considering the idealized and averaged PM size distributions (Fig. 14) of all investi-
gated coal and biomass small scale combustion unit groups it is obvious, that the 
parameter d’ (most frequent particle diameter) for wood pellet boilers lies in the range 
of the ultrafine particles (0.07 - 0.1 µm) and for brown coal briquette stoves, wood 
boilers and energy grain boilers in the submicron range (0.1 - 0.6 µm). 
 
5 Conclusions 
 
The results demonstrate that solid fuel combustion in small-scale units without 
abatement technique induced enhanced levels of PM-emission and very high propor-
tions of fine particles in the waste gas. The highest levels of total dust emission con-
centration comparing our bio fuel results were found, if energy grain was used as 
fuel. Wood pellet combustion produced the lowest total dust emission. 
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