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Control of particle emissions from small biomass combustion facilities by space-charge 
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 Generation of heat or energy by biomass combustion takes advantage of a renewable 
source of energy and can help to reduce the overall emissions of CO2. But the combustion of 
wood for domestic heating results in emissions of fine particles several tens of mg/m3

N of gas. 
The utilisation of straw and agricultural crops leads to even higher emissions. The proportions 
of matters and particle size distribution, particle number and mass concentration vary greatly 
depending on mixing of air and fuel, combustion temperature, design of burning appliance, 
fuel quality etc.  

Last time quite a lot is done in development of compact filter systems for wood 
combustion, especially electrostatic precipitators (ESPs). The scale of design ranges from 
conventional ESPs to space charge precipitators, from dry to wet electrostatic precipitators, 
from units, which are integrated into the combustion appliance up to devices installed in the 
gas duct, inside and/or in the output of a chimney.  

The purpose of the current work is to discuss the results the process of fine particle 
generation during small scale biomass combustion, especially the development of a novel 
space charge electrostatic precipitator (SCEP). 

During the work- shop it is proposed to analyze the results of the measurements of 
particle size distribution during the different phases of wood combustion in a wood-log stove.  
Next, the different design approaches to the SCEP, such box-form and in-stack type of the 
electrostatic precipitator, would be presented. It is proposed to discuss the results regarding 
the efficiency of gas cleaning in the novel SCEP units and to analyse the possibility of 
application of the kombi-SCEP unit, e.g. a space-charge electrostatic precipitator equipped 
with a heat exchanger.  
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Purpose. Chimney stoves are widely used in Germany and emit high fractions of gaseous emissions 
and particulate matter depending on several parameters. This includes for example wood type, moisture 
content and time of recharging.  Also wood briquettes have been combusted since their use has in-
creased during the last years and the quality of briquettes varies in a wide range. From the obtained re-
sults recommendations for different strategies for a chimney stove will be given to the user. 
 
Approach. Measurements were performed using a modern chimney stove with grate. It was usually 
fired with beech wood in test fuel shape in accordance to the NS 3058. For the influence of moisture 
content 13 levels between 0 and 40 wt.-% were investigated. Measurements on particle and gaseous 
emissions have been performed. The combustion test facility was equipped with a parallel sampling of 
particles from a diluted and undiluted flue gas in order to allow the identification of excessive particle 
emissions due to condensation of hydrocarbons for all test trials. 
 
Results. In general beech wood causes lower emission compared to spruce wood. The chimney stove 
shows a large response of pollutant emissions towards variable moisture content. The best performance 
is achieved at a moisture content of about 10 wt.-%. The particulate and gaseous emissions start to in-
crease dramatically above a moisture content of 20 wt.-%. But also technically dried wood (moisture 
content below 8 wt.-%) results in higher emissions. Moreover, if a chimney stove is reloaded at flame 
extinction then the emission level stays at a low level compared to a later moment of recharging.  Pure 
wood briquettes show similar emission behaviour as log wood while pure bark briquettes lead to the 
highest CO, OGC and particle emission in this comparison. 
  
Conclusions. Several recommendations for the user of a chimney stove can be given. Beech wood 
should preferably be used in a chimney stove. The moisture content for e.g. beech wood should vary 
between 8 and 17 wt.-% for good combustion performance. The combustion of fresh wood causes very 
high emissions due to smouldering. Wood briquettes in general show a similar emission behaviour 
compared to log wood. But one can say that round briquettes with a hole performed better than round 
briquettes without a hole in the middle. Pure bark briquettes caused very high emission and are there-
fore less suitable for chimney stoves. 
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Combustion of biomass fuels for residential heating is 
considered to be a climate friendly option and is 
increasing  globally. However, this implies potentially 
increased emissions of aerosol particles. PM2.5, which is 
to a large extent comprised by combustion generated 
particle matter, co-varies with cardio vascular diseases 
(Kochbach et al. 2009). Soot and organic carbon which 
are produced under incomplete combustion conditions 
are considered to be more harmful to human health than 
ash particles produced under optimal combustion 
conditions (Kochbach et al. 2009). The aim of this paper 
is to study the change in aerosol properties due to 
different combustion conditions.  

A total of five combustion cases were studied 
using three residential wood combustion appliances; i) a 
conventional wood stove operated with high load, ii) a 
conventional wood stove operated with low load, iii) a 
modern pellet burner operated under optimal conditions 
iv) a novel pellet reactor operating on optimal conditions 
v) a novel pellet reactor operating under air starved 
conditions. Conventional wood pellets or birch wood 
logs (14 % moisture content) was used. Gas 
concentrations and particle characteristics from the 
combustion cases are shown in table 1. 
 
Table 1: Particle characteristics and gas concentrations 
from the five combustion cases. 
Case O2 (%) CO 

(mg/MJ) 
Total conc. 
(#*107/cm3) 

Org 
(AMS) 
(mg/MJ) 

i 9.3±5,4 3020 2.7±1.1    9.4 
ii 11.8±2,4 2590 1.6±0.8 8.6 
iii 8.2±1.0 110±38 8.4±0.4 0.32 
iv 11.1±1.2 120±67 6.1±0.2 0.45 
v 5.3±2.0 700± 

1390 
3.0±0.8 6.5 

 
 The aerosol from the combustion appliances was 
diluted 1000-3000 times to ambient concentrations, 
before sampling. A high resolution aerosol mass 
spectrometer (HR-TOF-AMS, Aerodyne research Inc.) 
was used for size resolved composition of compounds 
vaporised at 600°C. A scanning mobility particle sizer 
was used for mobility size distributions (10-600 nm) and 
an aerosol particle mass analyser operated downstream a 
differential mobility analyser and an optional 
thermodenuder (DMA-TD-APM) was used to determine 
the mass mobility relationship and assess the size 
dependent organic mass fraction. 
 

 
Figure 1: The effective density from the combustion 
cases. 
 The effective density from DMA-APM 
measurements (figure 1) gives an indication of the 
particle shape and composition. Salt aerosols have a 
relatively high effective density, which does not change 
with increasing mobility diameter, due to their spherical 
shape. Soot particle on the other hand have a lower 
effective density which is decreasing with increased size, 
due to their agglomerated shape. The aerosol from case 
iii and iv consists of spherical alkali salt particles, with 
little organic contribution. When the novel pellet reactor 
is operated under air starved conditions (v) the aerosol 
consists of both salt and soot particles, which are 
produced during different stages of the combustion 
cycle. The aerosols from case i and ii is dominated by 
soot particles and organic carbon.  
 The present on-line characterisation study gives 
novel detailed information of the aerosol emission 
properties from different kinds of biomass combustion. 
 
This work was supported by the Swedish Energy 
Agency, FORMAS and METALUND.  
 
Kocbach Bølling A., Pagels J., Yttri K-E., Barregard L., 
Sällsten G., Schwarze PE., Boman C. (2009) Health 
effects of residential wood smoke particles: the 
importance of combustion conditions and 
physicochemical particle characteristics. Particle & 
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Definition and evaluation of a new method for the characterization of particulate 
emissions from domestic combustion devices using biomass 
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Introduction 
 

Domestic heating using wood combustion is strongly 
involved in the development of renewable energy. 
However, it can be associated to high emissions of 
particulate matter characterized with a very fine size 
distribution and a strong contribution of organic 
condensables. 
 As a result, the French environmental agency 
(ADEME) and the French Industry of heating devices 
manufacturing are promoting the development of highly 
energetically and environmentally efficient heating 
devices. With this in prospect, the PEREN²BOIS 
program, financially supported by the ADEME and the 
French ministry of environment, was coordinated by 
INERIS and gathered industrials, notified bodies as well 
as private and public research laboratories. One of its 
aims was to define a particle matter measurement 
method to be used for domestic combustion devices. 
 The work being presented in the poster consists in 
evaluating the DIN+ German method, widely used in 
France and described in the TS 15 883:2008 by the CEN 
TC 285 WG 5 looking at measurement methods of 
atmospheric emissions from domestic biomass burning 
heating devices. This method, which was built as a 
simplified version of the EN 13 284-1, was evaluated 
and improved by adding after the filter three washing 
bottles aiming at collecting the condensable fraction. 
 
Material and method 
 
 The measurement procedure is described in 
Figure 1 and consists in a non isokinetic sampling of the 
solid fraction on a heated filter (125 ± 10 °C) followed 
by the collection of the volatile fraction into three 
washing bottles. Within the frame of the PEREN²BOIS 
program, the washing bottles were initially filled in by 
water according to the US EPA 5H method, which 
requires a liquid extraction by dichloromethane before 
evaporation. In order to avoid the extraction step, and 
thus to simplify and accelerate the method as well as to 
decrease the worker exposition risk, water was replaced 
by isopropanol according to the CEN/TS 15439:2006. 
The first washing bottle temperature is set at 40 °C while 
the second and third one are respectively set at 0 and 
20 °C. 
 The sampling instrumentation is performed so 
that  for a 30 minute sampling period, a gas volume of 
0.270 ± 0.0135 m3 is collected under normal temperature 
and pressure conditions. 

 
Figure 1. Description of the particulate matter sampling 

method 
 
Preliminary results 
 
 The method using the isopropanol in washing 
bottles inspired by the CEN/TS 15439:2006 has been 
compared to both US EPA 5H method and the use of a 
dilution tunnel according to the Norwegian standard 
NS 3058 also described in TS 15883:2008. The 
comparison with the dilution tunnel was performed 
within the frame of CEN works, under the supervision of 
E. Smit, WG 5 convenor. Preliminary results obtained 
for the comparison between the use of water or 
isopropanol as the absorbing solvent for the condensable 
fraction is presented as an example in Figure 2. 
 

 
Figure 2. Comparison of the total concentration (solid 

and condensable fractions) measured by US EPA 5H and 
the modified CEN/TS 15439:2006 methods 

 
This work was supported by the ADEME and the French 
ministry of environment. 
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According to the German government’s Energy Concept (2010) the fraction of regenerative energies 

shall increase until 2020 up to 18% of the end‐use energy. Due to the wide range of applications and 

its  good  storage  potential  bioenergy  will  play  an  important  part  in  the  future  energy  supply  of 

Germany. The national action plan for biomass usage predicts that 9.7% of the heat production will 

already be covered by biomass combustion. Today about 15 millions of small scale wood combustion 

units are  in operation and about 400.000 new  stoves have been  sold  in 2009.   Whereas  the com‐

bustion of biomass  in  large  scale  is  state of  the art,  the emission problem  stems  from  small  scale 

units, whose  emissions  of  fine  particles  (PM10) meanwhile  exceed  the  emissions  from  passenger 

cars. With respect to health effects and climate change the present emissions of ultrafine particles 

and of volatile organic compounds are of concern. Therefore a fundamental understanding of small 

scale wood combustion remains an important task. 

The global model describes  small  scale  combustion by  four main modules,    i.e. biomass pyrolysis, 

heterogeneous combustion reactions, gas phase reactions and heat transfer. Due to the complexity 

of the chemical mechanism and to save calculation time it is necessary to use global reaction mecha‐

nisms. It is important to emphasize that the reactions and rate constants used in global mechanisms 

are not generally applicable. This means  that particular  reactions and  their  rate  constants are not 

readily exchangeable between different models,  in  contrast  to well documented elementary  reac‐

tions. Hence  it  is always mandatory to carefully select and validate a chosen set of global reactions 

for  its applicability  to  the desired  context. Otherwise, misleading  results may be obtained. For  in‐

stance,  in wood combustion fitted rate constants may appear to depend on heating rates, which  is 

plausible only for samples of large size. On this background, a novel concept for the pyrolysis of wood 

has  been  developed,  which  involves  stoichiometric  pyrolysis  reactions  of  its  main  components 

cellulose, hemicellulose and lignin producing gas, tar and carbon. Preliminary model results for non‐

isothermal pyrolysis show a clear dependence of the product composition as a function of the hea‐

ting rate in agreement with experimental results. 

The complete global combustion model was applied to calculate the combustion of a fixed bed filled 

with beech wood spheres of 10 mm i.d.  over a time of forty minutes. A good agreement was found 

between  experimental  data  and  the model  predictions  for  the  temperature  and  product  profiles. 

Further development of  the model will  include  the calculation of  the combustion of non‐spherical 

wood pieces as they are used in domestic stoves. 

_______________ 

For poster presentation at the EAC 2011 Satellite Workshop  “Aerosols from domestic biomass 

heating, characterisation and toxicity ‐ Critical pathways towards sustainability of biomass based 

heating”, 3rd ‐4th  September 2011,  University Place , Oxford Road, Manchester, United Kingdom. 

 



Figure 1: Particle size distribution in the exhaust 

gas of an automatic woodchip firing at 30 % part 

load of the 70 kW maximum thermal output, 

measured with different instruments 

„Measurement Procedures for Particulate Emissions from  

Residential Wood Combustions“ 

T. Schröder, K. Helbig 

German Biomass Research Centre (DBFZ), Department Thermo-Chemical Conversion,  

Measurement Instrumentation and Test Stands 

Torgauer Str. 116, 04347 Leipzig, Germany 

With respect to the current discussion, a future 

energy supply needs to be established that is both, 

sustainable and reliable. The bioenergy plays a 

significant role in the process of shaping the energy 

supply system. Compared to other renewable 

energies, bioenergy offers a certain consistency in 

the availability and it already contributes to the 

overall coverage of the energy demand, for 

example by generating heat and also electrical 

power from solid biomass. Especially residential 

combustions are quiet common in Germany and 

they are installed in great quantities.  

A major advantage using renewable energies is the 

reduction of greenhouse gases from anthropogenic 

processes. However when it comes to the energy 

conversion process, for instance in the thermal 

utilization of solid biomass this branch of 

renewable energy source could have some 

negative consequences for the environment and 

the human health. To analyze and minimize the 

possible risks of the emissions from small scale 

combustions a differential consideration of the 

emitted fine dust is necessary. Attention has to be 

paid particularly to the physical and chemical 

composition of the particulate matter. In this 

connection the number and size distribution of the 

fine dust fraction (<PM1) needs to be examined 

more closely to help identifying the ways of 

exposure.  

To measure the emitted fine dust there are in 

general several methods available. On the one 

hand the gravimetric dust measurement and on 

the other hand the size and number determination 

of the particles. The first method focuses on the 

total amount of fine dust contained in the exhaust 

of the biomass combustion. Here, limit values have 

already been defined and instructions for 

techniques to guarantee a good comparability of 

the results are available. This allows representative 

measurements in the laboratory. Other methods 

concentrate on the measurement of the particle 

concentration to evaluate biomass combustion. 

The issue with this method is that no legal limit 

values have been determined. Another challenging 

fact is the existence of a variety of different 

measuring procedures that cannot always be 

compared. The primary goal of the so far held 

workshops was to determine the similarities and 

the differences of the applied methods as well as 

to discuss possibilities for harmonization. The 

particle measurements were performed at the full 

dilution tunnel system at the combustion 

laboratory of the DBFZ. The results led to the 

conclusion that measuring of particles can be 

performed by different physical procedures, 

producing different results with different 

dimension units. And second, the particulate 

emissions from biomass combustion are not 

specified well enough yet. Although there are a lot 

of obstacles to overcome the measurement of 

particle concentration regarding the size and 

number distribution is quiet important. The basic 

principles for measuring at biomass combustion 

have to be discussed as well as questions regarding 

the sampling and dilution of the combustion 

aerosol. 

Birmili, W., Wiedensohler, A. (2010), Comparability 

of instruments measuring airborne particle number 

size distributions below 200 nm, Expert Workshop 

Dust measuring procedures for small biomass 

furnaces 

Asbach, C., Kaminski, H., Fissan, H., Monz, C., 

Dahmann, D., Mülhopt, S., Paur, H. R., Kiesling H. 

J., Herrmann, F., Voetz, M., Kuhlbusch, T. A. J. 

(2009) J. o. Nanopart. Res. 11, 1593–1609 

Jeong, C.-H., Evans, G. J. (2009) Aerosol Science 

and Technology, 43, 364–373 

 



Comparison of emissions with pellet fuel and wood logs 
from a hybrid masonry heater

INTRODUCTION

The batch wise operated residential scale combustion appliances

are troublesome with their high emissions of incompletely

oxidized compounds, such as CO, organic gaseous compounds

(OGC) and fine particles. Therefore, there is a need to investigate

the options to reduce the emissions from biomass combustion.

Batch wise fired appliances capable of using pellets as fuel may

provide an option to significantly decrease emissions. In these

appliances a single batch of pellets is burned for heating the stove.

Hukkanen, A1, Lamberg, H1, Kaivosoja, T1, Sippula, O1, Tissari, J1, Jokiniemi, J1,2

1University of Eastern Finland, Department of Environmental Science, Fine Particle and Aerosol Technology 
Laboratory, Kuopio, Finland

2Technical Research Centre of Finland, VTT Espoo, Finland

METHODS

In this study a hybrid masonry heater was used where the grate

used for combustion of wood logs could be replaced with a

specially designed pellet burner. The masonry heater was

operated with both fuel types. The pellets were tested on medium

and large size heaters and the wood logs only on medium size

heater.

AIM

The aim of this study was to evaluate how large reduction in

emissions can be achieved by replacing the wood logs with pellets

in a masonry heater by using an integrated pellet burner.

Keywords: wood combustion, combustion aerosols, emissions, abatement strategies, PM

Figure 1. The experimental setup.

Operation parameters 

Wood logs
- 8 kg
- 2 batches
- Birch wood
- No air staging

Pellets
- 6 – 7 kg
- Single batch
- Commercial pellet
- Primary, secondary 
and tertiary air

The experimental setup and the measured parameters are 
presented in figure 1.

RESULTS

Overall, compared to the conventional technology of wood log

combustion the pellet combustion resulted in clearly lower

emissions .

Table 1. Gaseous emissions, total number concentration (Ntot), total
suspended particle (TSP) emission and O

2
.

CONCLUSIONS

Lower emissions can be achieved by using pellet fuel in the hybrid
masonry heater instead of wood logs. The largest difference was
seen in the organic compounds both in OC in PM

1
and in OGC in

the gas phase. In addition the mass size distribution in wood log
combustion had a second mode probably due to different
combustion conditions in wood log combustion whereas in the
pellet combustion the process was more stable.

Figure 4. The mass size distributions. In wood combustion the

distribution is more clearly bimodal.

Figure 3. The main inorganic species in PM
1
. The minor species are

summed.

Figure 2. The PM
1

emission and composition. Other is the
unanalyzed part of PM

1
.
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OGC and CO concentrations were 24-fold and 8-fold, respectively,

lower in the pellet combustion. However, in the burn out phase

CO was only 4-fold lower in pellet combustion due to the rising

CO level in the end of the combustion. Ntot was 2-fold lower in

pellet combustion. The geometric mean diameters were 75 nm and

110 nm in pellet and wood log combustion, respectively. TSP was

1.5-fold lower in the pellet combustion.

PM
1

was 3.4-fold lower, OC 12.3-fold lower and EC 2-fold lower in the

pellet combustion.
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Introduction

With the new edition of the BImSchV in Germany, limits for fine dust emission from wood
combustion have been further reduced and also small burners with an energy output <15 kW
were added to the regulation.

The new limit values for pellet burners are (§ 3 BImSchV, Material 5a: Wood pellets)
Limit value step 1: fine dust: 0,06 g/m³, CO: 0,8g/m³, energy output >4 to 500 kW
Limit value step 2: fine dust: 0,02 g/m³, CO: 0,4g/m³, energy output >4 kW

To study the effects of different technological changes on the fine dust emissions, a test
burner is operated by the university of applied sciences in Ulm at the institute for energy
technique and motion technique.

Aim of the presented measurements, done in December 2009, was to evaluate the current
emission levels in terms of particle number concentration and mass.

Results and Discussion

Figure 1 shows the change of the number size distribution during the warm-up and ontinuous
operation of the burner. During warm-up the maximum of the size distribution is at about 80
nm, in the constant operation phase the maximum is shifted to ~47 nm as the combustion
gets more efficient. These particle sizes agree well with the values that are used for the
design standards of ceramic filter for reduction of dust emission from biomass burning (Adler
and Kalisch 2009). The values are much lower compared to the results for woodchips
(Klippel and Nussbaumer, 2007).

Figure 3: Particle size distributions of a pellet burner during warm-up phase and continuous operation at    15 
kW. Data are shown as 3D (left) and 2D-plots (right). 

Total number concentrations and total mass concentrations were calculated from the
measured number size distributions (Fig. 4). Mass concentrations were calculated assuming
spherical particles with a typical value for the density of carbonaceous material, 1,6 g/cm³.

Figure 4: Total number concentration (left) and mass concentration (right) as a function of time.

Total number concentration increased from 0.5 * 108 1/ccm during the warm-up period to
more than 109 1/ccm during constant operation. Mass concentrations, however, decreased
from 800 mg/m³ in the warm up phase to 200 mg/m³ during the stable phase; these values
are well above the new BISchV limits.

Figure 5 shows the particle concentration at 47 nm. When a new load of pellets drops into
the burner, concentration rises for about 12 seconds. Then, when the combustion becomes
more efficient, the concentration decreases until the next load of pellets is fed into the
furnace chamber.

Figure 5: Particle concentration at 47 nm in high time resolution.

No change in emitted particle concentration could be observed by changing the position of
the ESS in the exhaust pipe, so the sampling setup gives a very good reproducibility.

Experimental Setup

Pellet burner
A non commercial prototype burner was used for the tests (Fig.1). Pellets were loaded
automatically into the furnace chamber at regular intervals. The burner is connected to a 6
m³ boiler and equipped with sensors for heat energy, electrical power consumption, flows,
temperatures and pellet loading rate.

Figure 1: Left: Pellet burner with pellet storage and automated feeding system. 1: Storage for wood pellets,           
2: Electrical feeding system, 3: Pellet burner with control unit and housing, 4: Burner, adapted for 
experimental use, originally a simple wood burner.

Right: Complete sampling setup. 1: Stack with exhaust gas, 2: Hydraulic connection and sensors, 3: 
Sampling probe, 4: Control unit, 5: Dryer, 6: Charcoal absoprber and filter for dilution air, 7: Differential 
mobility analyzer (DMA), 8: Faraday cup electrometer (FCE), 9: DMA Controller

Sampling System
Continuous online measurements were done using a emission sampling system (ESS) for
sampling dierectly from the hot exhaust in combination with a scanning mobility particle sizer
with a Faraday cup electrometer as detector (SMPS+E).

The ESS is a two stage diluter, suitable for exhaust gas temperatures of up to 500°C, with
standard dilution ratios of 1:10 or 1:100 at a sample flow 1 lpm. The first dilution is done at
the tip of the sampling inlet with preheated air. The temperature of the dilution air can
adjusted up to 200°C and was set to 140°C for this experiment. The dilution air is dried and
filtered from organic gases and particles. With this setup condensation and particle formation
at the sampling system can be avoided efficiently.

For measurement of size distributions, the SMPS+E was set to scan from 3 nm to 155 nm
with a resolution of 44 size channels. The time for a scan is 48 s. Also single channel
measurements were done with a time resolution of 4 Hz, for these measurements the voltage
of the Differential Mobility Analyzer (DMA) was kept at a constant value corresponding to the
desired particle diameter.

Figure 2: Flowchart of the EES (top) and sketch of the sampling probe (bottom).

Summary

Particle emissions of a 15 kW experimental wood pellet burner were evaluated in view of an
upcoming change in legislative regulations. The mass concentrations were calculated
(spherical particle shape, and variable density depending on soot or ash content) based on
the measured size distribution with high sizing accuracy and resolution and with a high
temporary resolution. The mass concentration was significantly above the future limits and
very high during warm-up. Both particle diameters and mass decreased after the warm-up
was completed. The regular feeding of new pellets into the furnace chamber caused
significant short-term fluctuations of the emitted particle concentrations.
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Biofuels production 

PETIT Martina*, FROMENT Karinea, PATISSON Fabriceb, SEILER Jean-Mariea  
aCEA Grenoble DRT/Liten/DTBH/LTB  

17, rue des Martyrs 38054 Grenoble Cedex 
bInstitut Jean Lamour, Département Science et Ingénierie des Matériaux et Métallurgie 

Ecole des Mines de Nancy, Parc de Saurupt - CS 14234 - 54042 Nancy Cedex 

The objective of this work is to analyse, from experimental and theoretical point of 
view, inorganic species condensation in a biomass gasification facility, in the frame of 
second generation biofuel technology development. 

During biomass gasification, volatilisation of inorganic species takes place at high 
temperature, and these species condensate during syngas cooling. These species can 
cause damages to facilities due to corrosion, fouling, catalyst poisoning, etc…   

A first approach consisted in a determination, on a thermodynamic equilibrium basis, of 
the nature and distribution of the inorganic species that can be volatilised during 
gasification and in an evaluation of the selective condensation of the different species 
during gas cooling. 

An experimental facility (ANACONDA) was developed and operated. This facility 
allows the analysis of  KCl vapour condensation in a gas flow containing (or not) 
carbon particles under controlled cooling conditions (temperature gradient). 
Measurements consist in characterisation of the number, diameters and morphology of 
the different resulting particles during the different tests, according to carbon and KCl 
amounts. Deposition rates on tube inner surface and carbon particles could also be 
determined.  

For a cooling rate of 1000K/s, experimental results permitted to quantify KCl 
nucleation, KCl condensation on carbon particles and remaining KCl vapour together 
with deposits on the tube walls. The variation of KCl capture on the carbon particles of 
variable concentration is quantified. For instance, the wall deposit of KCl decreased 
from ~40 w% to ~25 w% when the carbon particle concentration is increased.    

A model approach of  the condensation and aerosol behaviour in a pipe during cool-
down has been achieved, based on the description of the different phenomena that occur 
(nucleation, growing, agglomeration and deposits). 

Comparison of experimental results with calculations allows to validate the modelling  
and to quantify the relative importance of the different phenomena controlling 
condensation, aerosol formation and wall deposits. This model helps to propose 
industrial technical solutions, to be further tested. 
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Particulate  matter  (PM)  is  one  of  the  most  important 
environmental  health  concerns  worldwide.  Of  special 
concern  are  the  submicron  particulate  emissions  from 
combustion  sources,  because  they  deposit  into  the 
tracheobronchial and alveolar regions of the respiratory 
tract and can even penetrate through the lung tissue and 
reach the capillary blood vessel and circulating cells. It is 
noteworthy  that  the  current  data  are  based  on  the 
assumption  that  all  fine  particles  have  identical 
composition and health effects. However, this is not the 
case  according  to  recent  toxicological  studies  which 
show that the toxic potential of PM depends on aerosol 
size,  concentration,  chemistry  and  morphology  (e.g., 
Paur et al., 2008).

In  the  atmosphere  the  physical  and  chemical 
properties of the emission change considerably, e.g., due 
to photochemical reactions in the daytime and oxidation 
reactions in the nighttime, as seen in a previous study 
with  an  aging  wood  combustion  aerosol  in  an 
environmental  chamber  (Leskinen  et  al.,  2007).  The 
aging  may  alter  the  health  related  toxicological 
responses of the emission, as discussed by Jalava  et al. 
(2007). However,  there  is  only  limited  scientific  data 
pointing  out  which  are  the  actual  components  of  the 
emissions – both fresh and aged – that are linked to the 
toxicological  responses.  Thus,  more  experiments 
combining  the  aging  and  the  toxicological  studies  in 
controlled laboratory conditions are needed.

A  new  experimental  set-up  (Figure  1)  at  the 
University  of  Eastern  Finland  (UEF)  in  Kuopio, 
introduced  in  mid-2011,  enables  on-line  exposure  of 
cells  to  aerosols  and  analysis  of  related  toxicological 
health  impacts.  The  set-up  consists  of  1)  different 
biomass-fired  combustion  appliances,  including  batch-
wise fired stoves, a pellet boiler, and a grate combustion 
reactor  with  adjustable  combustion  conditions,  2)  a 
diesel engine test bench and a chassis dynamometer for 
vehicle  emission studies,  3)  different  types of  dilutors 
(ejector dilutors, porous tube dilutors, a dilution tunnel), 
4)  a  transformation  chamber  made  of  125  µm  FEP 
Teflon  and  30  m3 of  volume,  5)  an  air-liquid  cell 
exposure unit (Vitrocell®), and 6) several instruments for 
measuring the physical  and chemical  characteristics of 
the emission. All parts of the set-up are located in the 
same  experimental  hall,  which  minimizes  sampling 
losses and artefacts between the different parts.

Figure 1. The new set-up at UEF that enables on-line 
exposure to fresh and aged combustion aerosols. (The 

first test phase is bounded by the gray rectangle.)

In  the  first  test  phase  the  deposition  rate  of 
monodisperse  test  aerosol  particles  onto  the  chamber 
walls will be determined by size distribution and number 
concentration measurements and model calculations. The 
secondary organic aerosol formation potential of a batch 
of  diluted emission from the  grate  combustion reactor 
will be determined in the chamber  both in the presence 
of UV light (approximately 350 nm) and in the dark. The 
chamber experiments can be carried out both with and 
without an OH (hydroxyl  radical)  scavenger,  and with 
and without  additional  ozone and/or  reactive  organics. 
The  combustion  parameters  can  be  varied  from  an 
efficient combustion (PM contain mainly inorganic ash) 
to  a  smouldering  combustion  (PM  rich  in  soot  and 
organics).  The  time  evolution  of  the  physical  and 
chemical  characteristics  of  the  biomass  combustion 
aerosol  and  the  secondary  organic  aerosol  yield  with 
different initial  parameters will be used to estimate an 
adequate dose to the cells in the exposure unit.

The  infrastructure  has  been  partially  supported  by  the 
European Regional Development Fund (ERDF), and the 
research  by  Tekes  (the  Finnish  Funding  Agency  for 
Technology and Innovation).
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Introduction 

Domestic wood-burners are a major source of particulate 

pollution in Australia and New Zealand during the 

winter when air quality standards for PM10 are frequently 

exceeded. Wood-burners sold in Australia and New 

Zealand are required to comply with a particulate 

emission standard tested to a standard laboratory based 

method (AS/NZS4013, 1999). The emission 

performance of wood-burners tested to a standard 

method in laboratory conditions is reasonably well 

understood. However, the emission rates of particulate 

from “real-world” operation of domestic wood-burners 

have not been well quantified, and are mostly likely 

significantly higher than those measured in the 

laboratory. Measuring real-world emissions from 

domestic wood-burners is difficult because the logistics 

of and equipment required to take the particulate 

measurements and the issues associated with working in 

an unobtrusive manner in a domestic situation. This 

paper provides an overview of a system that has been 

developed to make robust real-world emission 

measurements from domestic wood-burners in a manner 

which is almost completely unobtrusive to the occupants 

of the house being tested. The paper outlines the 

validation of the real-world emission test system by 

comparing the particulate emissions from a domestic 

wood-burner operated in a laboratory as measured by the 

real-world system and a standard-compliant laboratory 

test rig 

Methods 

The wood heater emission monitoring system is 

described in detail in Meyer et al., 2008. The system 

comprises a smoke sampling unit, an analysis unit, and a 

power supply. The smoke sampler consists of a 1.2 m 

flue extension, 150 mm in diameter. Flue temperature is 

measured using paired 1/16” stainless steel sheathed type 

K thermocouples. Flow rate is determined by the 

pressure differential across an orifice plate. A smoke 

sample is drawn via inlet driven by a venturi, diluted and 

fed to the analysis unit.  Measurements are made of 

particles, CO and CO2. The particle, chemical, flow and 

temperature sensor signals are monitored using industrial 

data acquisition interface devices. The analysis unit is 

located at ground level; external to the house but as close 

to the flue as practicable. This unit houses all the air 

supplies, pumps, filters, zero scrubbers, analytical 

sensors, control systems, data acquisition and telemetry.  

Results 

A validation of the real-world emission test system was 

undertaken by comparing the particulate emissions from 

a domestic wood-burner operated in a laboratory as 

measured by the real-world system and a standard-

compliant laboratory test rig (AS/NZS4013, 1999). The 

comparative results of the seven burn cycles undertaken 

are shown in Figure 1. 

 

 
Figure 1. Comparison of particulate emission factors as measured by 

the real-world test system and the laboratory test rig. 

 

The comparison between the emission factors measured 

by the real-world test system and laboratory test rig 

suggest that the real-world test system underestimates 

particulate emissions by a factor of approximately two 

compared to the laboratory test rig. This is most likely to 

be loss of particulate matter within the copper tubing 

between the smoke sampler and the analysis unit 

together with an under sized venturi jet in the primary 

diluter (which has now been corrected). A programme to 

measure the real-world particulate emission from 

domestic wood-burners was undertaken in Christchurch 

(New Zealand) in the winter of 2009 using the calibrated 

emission test system. The equipment functioned well and 

allowed the measurement of real-world particulate 

emissions from domestic wood-burners in an 

unobtrusive yet effective manner. The Christchurch 

results have been analysed and will be published in 

2011. 
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Introduction 

 

The 27 member states of the European Union are 

committed to obtain 20% of their energy requirements 

from renewable sources, including biomass, by 2020 

(EU, 2009) as part of a raft of proposals to reduce CO2 

emissions. In response to these targets, the UK 

Department for Energy and Climate Change (DECC) has 

announced the world’s first renewable heat incentive, 

which will provide a financial incentive for individuals 

and businesses to switch from fossil fuel to renewables 

as part of a strategy to ‘de-carbonise’ the generation of 

heat in the UK. As part of carbon reduction policies the 

UK government will launch the world first renewable 

heat incentive in June 2011 (DECC, 2010a), which will 

target around 700,000 new domestic biomass 

installations by 2020 (Klevnäs, 2009). Additionally 

biomass boilers are being installed to meet requirements 

for renewable energy in new buildings. Concern has 

been raised over the possible urban air pollution impacts 

arising from the widespread installation and use of 

biomass heating. There is a risk that an increase in 

biomass burning may undermine air quality management 

actions aimed at achieving PM10 EU Limit Values and 

the EU exposure reduction target for PM2.5. It was 

therefore felt prudent to establish a baseline for the PM 

from biomass burning in London against which future 

changes can be measured. 

 

Methods 

 

The contribution of PM from biomass in London was 

estimated using two ambient measurement methods. The 

first used measurements of the concentration of 

levoglucosan, a specific marker for PM from wood 

combustion, sampled during two winter campaigns in 

2009 and 2010. The second used the differential 

absorption of UV and IR in sampled PM10 using 

aethalometers (Favez et al. 2010) at two sites over a 

period of 15 months. Analysis was supported by 

measurements of NOX, sulphate and ethane from UK 

national networks.   

 

Results 

 

Mean winter time concentrations of levoglucosan were 

176 ng m
-3

 at the low end of the range of concentrations 

found across Europe. Analysis of levoglucosan 

concentrations and wind speed did not reveal any large 

point sources. Having used measurements of ethane 

(assumed to be from natural gas leakage) as a tracer for 

dispersion it was found that levoglucosan emissions 

were greatest at weekends. 

  Good correlation was found between estimates of 

PM from wood smoke using levoglucosan and UV and 

IR absorption (r2 = 0.68 – 0.89). Measurements of UV 

and IR absorption suggest that wood burning is a winter 

time pollution source in London with peak PM10 

concentrations during evenings and especially at 

weekends.  

 

Conclusions 

 

Ahead of new policies to promote renewable energy it 

appears that wood burning already contributes 

approximately 3 µg m
-3

 to wintertime PM10 in London; 

15% of the wintertime background concentration. No 

distinct point sources were detected, suggesting that 

wood smoke particulate originates from diffuse urban 

sources. The wood smoke contribution to PM10 was 

mainly a wintertime effect; occurring mostly during 

evenings and at weekends. This suggests that current 

wood burning in London is a secondary heating source. 

Widespread wood burning suggests that smoke control 

legislation is no longer effective in London.   
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Black carbon is the most abundant light absorbing 
particle in the atmosphere; it is an efficient absorber of 
solar radiation in the atmosphere and re-radiates the 
energy in the form of thermal energy and results in 
localised heating in this area, Buseck and Posfai (1999). 
Emissions of black carbon are a global phenomenon 
associated with incomplete combustion activities from 
fossil fuel and biofuel whilst with an estimated 40 % of 
global emissions of black carbon are from biomass 
burning, IPCC (2007). 
 The atmospheric lifetime of black carbon is short, 
and a reduction of BC emissions may be an effective 
method of mitigating climate change; such a reduction in 
BC emissions would equally benefit health and air 
quality. The lifetime of black carbon is dependent on the 
aging processes and deposition rates Schwarz et al 
(2006). 
 The aging process of soot consists of a change to 
the morphology and size distribution of soot particles; 
compaction of fractal aggregates of soot with time has 
been reported as a method of aging, Lu et al (2008) 
whilst hygroscopicity of soot particles has an important 
influence on their lifetime, Weingartner et al (1997). The 
aging process is not well understood, with changes in 
size distribution of soot, in models being poorly 
represented. An experimental set-up has been developed 
to observe changes the size distribution of soot particles 
as the particles age.  

Laboratory experiments enable properties of soot 
particles to be characterised under controlled conditions, 
which remove the problems associated with field studies; 
variation in combustible material, burning conditions 
and atmospheric processes.  Laboratory experiments 
enable a simplification of complexities of the 
combustion process.  
 The set-up involves a combination of two well 
proven systems; Optical particle counter (OPC) and 
Scanning mobility particle sizer (SMPS), an instrument 
combination which enables a wide range of particles to 
be observed (20 nm to 1 µm). Environmental Scanning 
Electron Microscopy (ESEM) will be used to examine 
the 3-dimensional shape of soot particles in order to 
understand soot surface topography and composition as 
particles age under varying reaction conditions. 
 Reaction chambers (200-L) are constructed and 
experiments are carried out with particles of known size 
and charge to determine wall loss rates which will be 
compared to theoretical predictions. Aerosol wall-loss 
rates are determined by observing changes to aerosol 
particle concentrations with time in the reaction 
chamber, McMurry and Grosjean (1985).  
  

Preliminary experiments have been carried out to 
determine the initial polydisperse size distribution for a 
range of biofuels and hardwoods. Figure 1a shows the 
size distribution data of freshly emitted (240 s) soot from 
biofuel eugenol, as measured by the OPC. The difference 
in optical diameter and aerodynamic diameter for the 
eugenol soot is highlighted in Figure 1b. 
 

 
Figure 1 (a) Polydisperse size distribution of freshly 
emitted biofuel, eugenol, with evolving burn time as 
measured using an OPC (b) Normalised optical diameter 
do vs. normalised aerodynamic diameter da  
 
 Future work will involve quantifying changes to 
the size distribution as soot age increases inside a sealed 
reaction chamber monitored by OPC, SMPS and SEM. 
Results from these investigations will be applied into the 
Global Model of Aerosol Processes (GLOMAP) in order 
to improve the representation of black carbon aging in 
the model. 
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      Combustion of biomass is known to be a major source of gas- and particle- phase air 

pollution in the atmosphere and to be mainly made of a complex mixture of organics. To 

date, however, the atmospheric behaviours of these mixtures and their health effects are 

still largely unknown.  

      In this study, we investigated the aging processes of different types of wood burning 

aerosols (Spruce log, Beech log, and WoodPellet) to gain insights into the modifications 

in physico-chemical properties of the wood burning aerosols and their toxicity. The wood 

burning aerosols are introduced into the IfT smog chamber (19 m3 Iinuma et al., 2004) 

with and without ozone and /or UV lights simulating day- and night- times. Their 

physical and chemical properties were measured by online instruments including a 

Hygroscopic Tandem Differential Mobility Analyzer (H-TDMA), a Volatility Tandem 

Differential Mobility Analyzer (V-TDMA), a Multi-Angle Absorption Photometer 

(MAAP), a Scanning Mobility Particle Sizer (SMPS), and an Aerosol Mass Spectrometer 

(AMS). In parallel, filter samples were performed before and after aging to compare 

changes in the aerosol’s chemical composition and toxicity. 

        Here, we will focus on results provided by on-line instruments. The effects of 

chemical aging processes on the hygroscopicity, volatility, and chemical composition of 

wood burning aerosols will be presented.  
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Abstract 
Concentrations of particulate matter were measured during one winter and two summer 
periods in a small mountain village Albrechtice. The PM10 was measured continuously (by a 
DustTrak photometer) and as 24-h integrates (by a Harvard impactor). Twenty four hour 
concentrations of soot content were estimated by means of an OECD method “Black Smoke” 
(BS). Climatic indicators such as wind velocity, temperature and relative humidity were 
measured as well. A questionnaire was distributed among the local inhabitants to learn about 
combustion habits, amount of fuel consumed and type of heating technology used in the 
households. Comparison of PM10 data from Albrechtice with PM10 data from two urban areas 
Jablonec nad Nisou and Liberec and one background area Sous showed that average PM10 

concentrations in Albrechtice were the highest during the heating season (37µg.m-3). Average 
PM10 concentrations in the village were lower than average concentrations in urban areas 
during both summer seasons. Concentrations of PM10 and 24-h concentrations of BS were 
highly correlated during the heating season (0.89). The correlation dropped to 0.68 during the 
second summer period. Daily maximum concentrations were recorded mainly between 4 and 
12 p.m. with a distinct peak between 8 and 10 p.m. showing a clear effect of evening heating 
up the stoves and household boilers. The highest PM10 and BS concentrations were obtained 
during low temperature and low wind velocity periods indicating that local sources not long 
range transport of pollutants were the most important factors for air quality in the village. 
Questionnaire data reveled that despite the fact that a large number of houses are connected to 
natural gas network and all houses to electricity, the people tend to use solid fuels. The two 
principal reasons for such behavior are high prices of gas/electricity and good availability of 
wood. The results of the study support the idea that traditional heating in small settlements 
including rural villages may, similarly as in large towns, represent an important local air 
quality problem. 
 
 
Keywords: PM10; Black Smoke; Rural air quality; Solid fuel combustion; DustTrak; Harvard 
impactor. 
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 Domestic wood burning for residential heating 
is quite common in the Nordic countries and can be a 
major local contributor to PM2.5. Wood smoke often 
gives rise to complaints regarding annoyance and 
health concerns. 
 We measured daily PM2.5 levels using IVLs 
auto changer (Ferm et al., 2001) in two areas in 
Tanumshede, a small community in Sweden. 
Sampling took place during the winter 2007-08 in 
one wood burning area with regular complaints 
regarding wood smoke, and a reference area without 
any nearby wood burning sources. Temperature 
measurements with one hour resolution at two 
heights, 3 and 10 m, were sampled during the whole 
period. Air mass back trajectories were computed 
daily and each day was classified into one of four 
categories (Nordic, Marine, Continental or UK) 
according to Molnár et al., (2006). In addition, all 
adult residents in the wood burning area were asked 
to complete a questionnaire regarding their homes 
and any annoyance. 
 The measured PM2.5 levels (Table 1) were low 
in the wood burning area (mean 5.6 µg m-3) and 
comparable with levels at Swedish background 
stations within the urban measurement network. The 
winter season of 2007-08 was characterised by mild 
temperatures, high frequency of windy days and 
plenty of precipitation (mostly rain). The monthly 
mean temperatures ranged 1.6–4.8 °C, and only 30 
days had a mean temperature below freezing. No 
periods with strong inversions were found, but 
periods of weak inversion were frequent. In table 1, 
mean mass concentrations of PM2.5 in the wood 
burning and the reference area are presented together 
with mean differences, for the whole winter, for cold 
and warm days, for days with or without temperature 
inversion, and for the four trajectory classes. 
 On cold days (mean temperature <0°C) higher 
concentrations were found in the wood burning area 
compared to the reference area, while no difference 
was found for warmer days. Days with temperature 
inversion (vertical temperature gradient >0.1°C m-1) 
also showed higher concentrations compared to the 
reference area, but the difference was small. 
Trajectory analysis showed that air masses 
originating from continental Europe gave rise to 
higher concentrations in both areas, while the 
smallest long range contribution was from marine air 
masses. The difference between the two areas was 
about 1 µg m-3 for cold days and for air masses 

originating from the north and the Atlantic Ocean. 
This wood smoke contribution is lower than reported 
in other studies (BHM, 2003; Glasius et al., 2006), 
2–4 µg m-3, possibly because of the unusual mild and 
rainy winter season this year. 
 The reported annoyance due to wood smoke 
was still detectable, in spite of the mild winter, 10 % 
weekly annoyance compared to 3 % in a national 
health survey (2001). This demonstrates that local 
wood smoke can cause annoyance even at a 
contribution to PM2.5 of about 1 µg m-3. 
 

Table 1. Mean concentration to PM2.5 in the wood 
burning area and the reference area, the mean 
difference and number of days for the various 

subgroups. Statistical significant differences (p<0.05, 
Wilcoxon signed rank test) are marked in bold. 

Wood 
(µg m-3) 

Ref. 
(µg m-3) 

Diff. 
(µg m-3) 

# of 
Days 

All Days 5.6 5.5 0.1 151 
Cold Days 6.2 5.3 0.9 28 

Warm Days 5.5 5.6 – 0.1 107 
Inversion 5.6 5.3 0.3 87 

No Inversion 5.7 6.0 – 0.3 48 
Nordic 5.7 5.0 0.7 32 
Marine 4.7 3.6 1.1 33 

Continental 7.9 7.6 0.2 33 
UK 5.2 6.0 – 0.8 27 
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We report on a number of studies designed to quantify 
the contribution of the burning of wood and other 
biomass to airborne concentrations of PM2.5 in the UK 
West Midlands conurbation. 
 Yin et al. (2010) report on a chemical mass 
balance study of PM2.5 in which samples were collected 
in summer and winter seasons at an urban background 
and a rural site.  The study used organic molecular 
markers including hopanes, steranes, organic acids, 
PAH, high molecular weight alkanes, levoglucosan and 
cholesterol as source tracers.  Levoglucosan and PAH 
were the predominant markers for combustion of wood 
and other biomass and the chemical mass balance model 
indicated a contribution of wood smoke of around 1% to 
annual mean PM2.5 concentrations at both the rural and 
urban background sites. 
 In a subsequent study using the same urban 
background sampling site, and taking samples at random 
points throughout the year, Heal et al. (2011) collected 
samples of PM2.5 which were fractionated into elemental 
and organic carbon fractions and assayed for 14C as a 
measure of contemporary carbon.  The biomass burning 
contribution was estimated from the concentration of 
contemporary elemental carbon and an assumed 10:1 
ratio of organic to elemental carbon.  From these 
measurements, an estimate of the contribution of 
biomass combustion to the mass of carbonaceous 
material gave an average of 14% of the sum of elemental 
carbon and organic matter representing around 5% of the 
total PM2.5 mass. The uncertainty around this estimate is 
likely to be quite large due to the difficulty in achieving 
a clean separation of elemental and organic carbon and 
the fact that contemporary carbon was only a small 
proportion of the total elemental carbon.  
  In a further study, air samples were collected 
over a three month winter period at a rural site in central 
England known to be affected by local wood burning 
emissions, both from heating stoves and open burning of 
waste wood.  Samples of the PM2.5 size fraction were 
collected daily on quartz fibre filters and returned to the 
laboratory for analysis as follows: 
• Levoglucosan after derivatisation with 

MSTFA/TMCS and GCMS analysis.  
• Potassium after correction for sea salt and soil- 

associated potassium. 
Additionally, continuous on-site measurements were 
made with a multi-wavelength aethalometer and the data 
were processed to estimate a wood smoke and traffic 
contribution to PM mass using the method of 
Sandradewi et al. (2008).  Results from the technique 

intercomparison will be presented together with a 
discussion of the suitability of the aethalometer method 
for application at sites in the United Kingdom.   
 Results of a pilot study using the aethalometer 
appear in Figure 1 which includes data from a rural site 
in central England where wood is extensively used for 
home heating (NKMOS), a suburban site within the city 
of Birmingham (EROS) and a rural site to the west of 
Birmingham with rather little housing in the locality 
(CPSS) all sampled during the winter season.  The data 
are presented as the diurnal variations in PM mass from 
wood burning and traffic, the left-hand diagrams 
showing median weekday variations and the right-hand, 
median weekend relationships.  This shows higher 
average concentrations of wood smoke than traffic-
generated particulate matter at the rural sites, with one 
site showing an enhanced wood burning contribution at 
the weekend, the other showing a lesser contribution.  
The average contribution due to wood burning at the 
suburban site, taking account of the winter season of 
sampling, is broadly consistent with the result derived 
from 14 C analysis. 
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Figure 1.  
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The Particle Induced X-ray Emission (PIXE) technique has proven to be a powerful tool for the 

investigation of the elemental composition of the aerosol samples. PIXE is a non-destructive, 

fast, sensitive and multi-elemental technique (it allows the detection of all the elements with 

Z>10). Among PIXE detectable elements there are markers of specific components such as 

marine aerosol (Na, Cl), mineral dust (Al, Si, Ca, Ti, Sr), sulphates (S), biomass burning (K), 

heavy oil combustion (V, Ni), traffic and industrial emission (Mn, Ni, Cu, Zn, Pb), etc. 

[Lucarelli 2011]. 

As concerns the use of K as biomass burning tracer, the main advantage is due to the fact that it 

is stable, it does not go into chemical reactions or degradation as other chemical tracers. The 

drawback is that it is not an unambiguous tracer, since it can be emitted by more sources 

(mainly, it can have also a crustal origin). 

The combined use of PIXE and other techniques and/or highly time-resolved samplings allows 

us to overcome this limitation. 

As concerns the samplings, the use of hourly concentration datasets can be of great help since 

the high resolved time patterns can help in source identification and more accurate source 

profiles can be obtained. Only few analytical techniques can produce elemental concentration 

with hourly resolution like PIXE. 

Other analytical techniques can help for the application of receptors model to the study of 

biomass burning: Ionic Chromatography (IC) for the identification of the K
+
 ion and Thermo-

Optical analysis for the quantification of the Total, Elemental and Organic Carbon (TC, EC, 

OC). 

 
14

C analysis on the TC fraction of the atmospheric aerosol by accelerator mass spectrometry 

(AMS) is a smart tool for the evaluation of the contributions from either fossil fuel combustion 

or modern sources (wood burning, biogenic activity). 14
C measurements on the carbonaceous 

aerosol sub-fractions (EC and OC) allow also the distinction and the quantification of the 

contributions from wood burning and biogenic sources [Szidat 2006]. In the last years, a new 

sample preparation line for 
14

C analysis on aerosol was designed and set up at the LABEC 

laboratory of INFN in Florence [Calzolai 2011]. 

 

At LABEC both PIXE and AMS are used for aerosol analysis: some results concerning biomass 

burning in some recent campaigns will be shown in this contribution. 
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There is an increasing demand for renewable energy; 
hence the use of wood for residential heating is an 
important option. Due to high emission from wood 
combustion furnaces, optimization of the combustion 
technique is required to minimize quantity and quality of 
fine dust particles released and thus the health risk for 
humans and the environment. A biological test system 
employing Caenorhabditis elegans is developed for the 
assessment of the health risk. The nematode, with 
numerous genes analogous to those found in humans, is 
considered an optimal surrogate for the assessment of 
fine dust particle impact on human and environmental 
health.  

Silica particles were chosen as a model for 
chemically inert particles with defined size and shape. In 
addition, random sample of fine dust were employed and 
analyzed for a first assessment with the C. elegans test 
system. Ultra sonification and centrifugation served to 
split samples into particle groups with diameters <1µm 
and >1µm.    

As silica crystals possess sharp edges, observed 
fine dust effects could mean a mechanical injury. Thus 
inclusion of crystalline silica as samples served to assess 
the presumed mechanical effects. As fine dust particles 
could represent both chemically inert and highly active 
compounds adsorbed to particles surfaces e.g. polycyclic 
aromatic hydrocarbons (PAHs), expression analyses of 
relevant genes by quantitative real-time PCR serves as a 
point of departure for better characterization of the 
potential toxicological mechanisms underlying effects. 
The genes chosen for analyses reflect the expected 
reactions towards fine particles from wood combustion 
as well as those typically involved in respiratory 
diseases. Thus besides cyp-35C1 for the Phase I 
metabolism/oxidative activation and gst-4 for phase-II 
component and reactive oxygen species defense, tir-1 
and nlp-29 for immune response, as well as vit-6 for 
endocrine system involvement were chosen.  
Results demonstrate the expected variant effect of fine 
dust particles. Contrary to expectations crystalline silica 
had only limited effect on nlp-29 and tir-1 expression 
which are supposed to indicate mechanical injury (see 
Fig. 1).  

 
Figure 1: Results of a diffenrential gene expression analysis due to 

particle effects 
 
Exprssion of phase I and II enzymes most likely results 
from PAHs adsorbed to fine dust particles. PAHs, e.g. 
benzo(a)pyren (BaP) are well known to self-induce 
Phase I and II enzymes via their interaction with the Ah-
receptor. Moreover, BaP is known to interact with 
steroid receptors, also regulating vitelogenin expression.   

This study integrates into a joint project of the 
University of Technology Hamburg-Harburg (TUHH), 
the University of Konstanz, the German Biomass 
Research Centre (DBFZ), the Technology and Support 
Center, Straubing (TFZ), the Leibniz Institute of 
Troposheric Research (IfT) and the Karlsruhe Institute of 
Technology (KIT).  The project is funded by the German 
Federal Office for Environment and Nuclear Safety 
(BMU).  
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To understand the toxicity of present wood smoke 

pollution and to predict the influence on air quality and 

health effects of future scenarios, related to new 

technologies and biomass fuels, key knowledge gaps 

need to be addressed, e.g.  i) detailed physicochemical 

characterisation of different biomass combustion 

particles and ii) identification of the physicochemical 

properties that influence the toxicity of wood smoke 

particulate matter (PM) in vivo (Kocbach et al. 2009). 

As part of this scientific challenge, dedicated in vitro 

studies are crucial. There is a growing scientific 

consensus that the capacity of inhaled PM to elicit 

oxidative stress at the air-lung interface may play a 

critical role in PM toxicity. Therefore a measure of the 

capacity of particulates to oxidise antioxidants known to 

be present and to play a protective role in the lung serve 

as a pertinent index of the likely toxicity of inhaled PM. 

 In the present study we examined the oxidative 

potential (OP) of biomass derived PM obtained from a 

wide range of well-controlled small scale biomass 

combustion scenarios, using different appliances, fuels 

and burning conditions. The synthetic respiratory tract 

lining fluid (RTLF) model was employed to investigate 

these oxidative properties, in line with previous work 

(Kunzli et al. 2006; Mudway et al. 2004). Two 

experimental matricies were investigated; 

 

A) Combustion of different biomass fuels under good 

combustion conditions in a fixed bed research reactor. 

Six different biomass fuels, one peat fuel and one coal 

fuel were included (exp A1-A8). 

 

B) Combustion of wood logs and pellet in residential 

stoves under different combustion conditions. Four 

different burning conditions in the wood stove and two 

in the pellet stove were included (exp B1-B6). 

 

 To sample aerosol particles in flue gases for 

subsequent toxicological evaluation a Dekati 

Gravimetric Impactor (DGI) was used, that size 

classifies particles according to aerodynamic diameter 

into fractions with stage cutpoints of 2.5, 1.0, 0.5 and 0.2 

μm. 47 mm PTFE plates were used as impactor 

substrates and 70 mm PTFE filters as back-up filter. In 

addition, extensive characterisation of physicochemical 

particle properties was performed including number size 

distributions (SMPS), carbon fractionation OC/EC, PAH 

(PM and semi-volatile), levoglucosan, inorganic (ash) 

components, trace metals and single particle morphology 

(TEM). The fine (<1 μm) particle fraction was used for 

OP analysis and after extraction in methanol, the 

samples were dried and re-suspended in water before 

incubation in a synthetic RTLF containing equimolar 

concentrations of ascorbate (AA), urate (UA) and 

glutathione (GSH). Following a 4 hour incubation (37
o
C, 

pH7) the concentrations of antioxidants remaining were 

determined by HPLC with electrochemical detection and  

and the percentage loss of ascorbate and glutathione used 

to generate an OP expressed per unit mass of particles.  

 These data demonstrate marked differences in the 

OP of biomass derived PM, and suggest that their OP per 

unit mass is in excess of that associated with diesel 

exhaust derived PM. Concerning ascorbate and 

glutathione dependent OP (OP
AA

 and OP
GSH

) for 

biomass PM, the highest OP
AA

 was determined for the 

wood stove PM samples (sample B1-4) followed by 

softwood pellets combustion PM (sample A2, B5-6), 

peat pellets (A7) and bark pellets from birch (A3) and 

pine (A4). A similar pattern for OP
GSH

 was seen, 

although with a clear increasing OP
GSH

 trend with 

loading; nominal loadlow loadstart-uphigh load. 

Whilst these data are illustrative of the potential of these 

samples to cause oxidative stress at the air-lung 

interface, this still requires validation in vivo. Further 

questions remain as to the major determinants of the 

measured OP in these samples and the on-going 

chemical characterisation of the PM samples will enable 

a discussion about the differences in PM chemistry in 

relation to the OP results. Further, additional 

experiments are planned on this material which will 

discriminate between metal and non-metal contributions 

to the measured activities, using selective metal ion 

chelators. Additional toxicological in vitro evaluation 

will also be performed in cell cultures in collaboration 

with Norweigian Institute of Public Health. 
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The growing public interest in sustainable sources of 
energy has resulted in an increasing usage of biomass as 
a fuel for heat generation, not only in industrial plants, 
but also in domestic appliances. Consequently, the 
concomitant increase in particle emission from such 
private sources draws considerable attention to the 
question of potentially toxic effects of the particulate 
matter generated. 
 Various in vitro models are in use to evaluate the 
health effects of inhaling such particles, most of which 
operate with only one randomly chosen cell line. In this 
work, we aim at the comparison of different lung cell 
lines to gain a better understanding of cell-line specific 
differences, which in turn will assist in selecting 
representative cells for the exposure under more 
physiological experimental settings such as an air-liquid 
interface. To improve the predictability with regards to 
toxicity, the biological reporter has to be carefully 
selected to most closely reflect the population inhaling 
the particles. 
 As renewable biomatter, we have employed either 
log wood or wood pellets under optimised and 
suboptimal burning conditions, collected using the 
Karlsruhe exposure system (see Fig. 1; Mülhopt et al. 
(2007). We have focused on particles with diameters of 
up to 1 µm, whilst excluding particles larger than 1 µm 
by a cyclone separator, given that fine particles (<2.5 
µm) and ultrafine particles (<0.1 µm) elicit stronger 
adverse health effects than larger particles (Brown et al. 
(2000); Kim et al. (2005); Li et al. (1999)). We have 
investigated the toxic potential of these nanoparticles in 
terms of the inflammatory response they evoke after 
applying suspensions to different cell cultures. 
 To gauge the pro-inflammatory response, we 
investigate the expression of human interleukin 8 (IL-8) 
both at the level of gene expression by quantitative real 
time PCR, and at the protein level, measuring its release 
into the culture supernatant using a bead-based 
immunodetection assay on a Luminex machine. 
Furthermore, we assay cell membrane integrity as a 
proxy for cell vitality by measuring the release of the 
otherwise cytoplasmic enzyme lactate dehydrogenase 
into cell culture supernatant, which is indicative of 
compromised cell membrane integrity, i.e. damaged 
cells. 

 

 
Figure 1. Karlsruhe exposure system for testing of 

airborne nanoparticle emissions from domestic 
appliances. 
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Burning of wood for heating purposes has become 
extremely popular wordwide due to the increasing costs 
of fossil fuels. In Germany 25% of the private 
households use wood logs, pellets, briquettes or 
woodchips for firing (Fachagentur Nachwachsende 
Rohstoffe, 2010). Claimed as renewable energy source, 
wood has often been ignored as a source for fine 
particles. Especially small fireplaces, not meeting the 
latest standards, produce supposable harmful fine dust. 
Rapid reproducible and validated biotests for 
toxicological characterisation of particles exist neither 
for cells nor for microorganisms. Thus there is a need for 
established microscale toxicity screening of unknown 
particulate samples.  
 Hence a test battery consisting of two ISO 
standardised bacterial contact assays and one yeast 
biotest were modified for the use with fine dust. Having 
different endpoints these tests provide a toxicological 
“fingerprint”. In order to account for bioavailability of 
contaminants adsorbed on surfaces of fine particles, such 
were used as a whole not as extracts.  
 

Table 1. Origin of fine particles. 
 

 
 Particulate matter was gained electrostatically 
from different furnaces in the flue gas channel (Table 1). 
Suspended in water, vortexted for 1 min, and 
ultrasonificated for 15 min samples were applied in a 
concentration range of 0.001 – 10 mg/mL. Particle sizes 
(< 1 µm) in these suspensions were measured by 
dynamic light scattering. Minusil 5, crystalline quartz 
sand (1 mg/mL), proven to be non-toxic in bacteria and 
yeast, served as control. 
 Cytotoxicity in the aerobic Arthrobacter 
globiformis contact assay was determined via 
dehydrogenase activity (DHA). Genotoxicity was 
determined via Umu test using a genetically modified 
Salmonella strain. The YES test was employed to 
determine potential estrogenicity of particle samples.  
 Sample # 1 caused a sigmoid dose response curve 
in both the bacterial contact assay and the YES test 
(Figure 1, Figure 2). No genotoxic effect was observed 
in the Umu test for sample # 1. Activation by S9-media 

is most likely necessary for this test, especially as the 
active ingredients of sample # 1 appear to be PAHs. The 
latter would also explain interaction with the YES assay, 
as PAHs (e.g.) are known to interact with the estrogen 
receptor. Although sample # 4 also triggered a sigmoid 
dose response curves, the toxicity profile was different 
(data not shown). These preliminary results suggest 
suitability of endpoints determined in the modified tests 
for risk assessment of fine particles. 

 
 

Figure 1. Relative Inhibition of sample # 1 in the 
bacterial contact test. DHA: Dehydrogenase activity. 

 
 

Figure 2. Induction ratio (IR) of sample # 1 in YES test.  
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# 4 Electrostatic 
precipitator 

Pellets Pellet boiler 
15 kW 
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Air pollution is a risk factor for cardiovascular disease 

and is estimated to contribute to millions of deaths 

worldwide annually (WHO 2009). Wood smoke (WS) is, 

on a global scale, a major source of particulate air 

pollution, and it is recognized that exposure to WS 

contributes significantly to lung diseases, less is known 

about its effects on the cardiovascular system (Naeher et 

al. 2007). However firefighters, who have a high 

occupational exposure to WS, have a 12- to 136-fold risk 

of myocardial infarction during firefighting duties, 

significantly more than during non-firefighting 

emergencies (Kales et al. 2007). Furthermore, 

interventions to reduce indoor wood smoke exposure 

have been shown to reduce blood pressure in women 

(McCracken et al. 2007). 

 Central arterial stiffness is a marker of 

cardiovascular health, and is an independent predictor of 

cardiovascular morbidity and mortality (Vlachopoulos et 

al. 2010). Exposure to diesel exhaust, an important 

component of urban air pollution is associated with 

increased central arterial stiffness (Lundbäck et al. 

2009).. In this study we assessed the effect of exposure 

to WS on central arterial stiffness  

  14 healthy non-smoking subjects (8 males) 

participated this randomised double-blind crossover 

study. WS was generated using a common Nordic 

chimney stove using birch wood in an incomplete 

combustion (partial air-starved) firing procedure. The 

WS was diluted with HEPA filtered air and fed into a 

controlled environment exposure chamber (17 m
3
). The 

flue gas PM1 emissions were 64±16 mg/MJ, presumably 

dominated by soot, although not confirmed by the 

OC/EC analysis. The diluted WS in the chamber had an 

average PM1 concentration of 314±38 µg/m
3
 (measured 

with a TEOM) during the exposures. NOx and CO 

concentrations were 0.41±12 ppm and 26±5.8 ppm, 

respectively.  

  Heart rate (HR), blood pressure (BP) and central 

arterial stiffness were measured before and over the hour 

following the exposure in a quiet temperature controlled 

room with the subjects resting in a semi-recumbent 

position. 

 Central arterial stiffness was determined with 

pulse wave analysis (augmentation index corrected for 

heart rate [Aix] and augmentation pressure [AP]) using a 

handheld high-fidelity tonometer and the SphygmoCor™ 

apparatus (AtCor Medical, Sydney, Australia). Carotid-

femoral pulse wave velocity (PWV) was measured using 

the Vicorder (Skidmore Medical, UK) apparatus.  

Systolic and diastolic BP did not differ following 

either exposure (p=0.86 and p=0.21). Pulse rate was 

increased after wood smoke exposure as compared to 

filtered air (p=0.03) as was AIx, AP, and PWV (p=0.032, 

p=0.004 and p=0.005 respectively) reflecting an acute 

increase in arterial stiffness.  

 

 
Figure 1. PWV and Aix  with SEM expressed as 

change from baseline 10-60 min post exposure. 

 

A single brief exposure to wood smoke is 

associated with acutely increased central arterial stiffness 

and elevated HR. Whilst the increases are small, they 

could represent an increased risk to susceptible 

individuals such as those with pre-existing 

cardiovascular disease. Taking into account the global 

prevalence of WS exposure, these findings suggest that 

this may be an underestimated risk factor for the 

development cardiovascular disease. 
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 Background: 
Epidemiological studies show an association between 
the concentration of fine and ultrafine particles 
(PM10, PM2.5, PM0.1) in the atmosphere and the 
rate of mortality or morbidity due to respiratory and 
cardiovascular disease (Wichmann et al, 2000). The 
European Union therefore passed the directive 
2008/50/EG to decrease the immission of particles. 
Regulated is the mass of ultrafine particles without 
considering their source, their chemical composition 
or their biological potential which is of real interest. 
Causing one third of the ultrafine particle 
immissions, domestic heaters are in the focus of 
interest. Especially the emissions of wood stoves 
containing a high amount of organic substances 
should be characterized regarding to their biological 
potential. 

Material and Methods: 
For the quantitative assessment of the toxicity of 
airborne particle emissions from domestic wood 
stoves the dose–response relationship is tested by in-
vitro test systems using bioassays of cell cultures as 
sensor (Paur et al, 2011). To expose human lung cell 
cultures reproducible at the air-liquid interface 
towards aerosols the Karlsruhe Exposure System was 
developed as described in detail before (Mülhopt et 
al, 2007; Paur et al, 2008). The Karlsruhe Exposure 
System is a prototype for testing different emission 
sources. Goal of this project is the development of an 
exposure system as laboratory equipment optimized 
for the measurement of emissions from domestic 
wood stoves. 

Results: The Novel Exposure System is built 
with dimensions of 60 x 40 cm in base and 60 cm in 
height (figure 1). It is characterized by determining 
the deposition efficiency of nanoparticles with the 
fluorescein sodium dosimetry method (Mülhopt et al, 
2009). The reproducibility of the exposure chambers 
as well as the stability of the QCM online dose 
measurement are measured and first exposure 
experiments are performed with A549 cell cultures 
exposed to filtered air. The data will be presented as 
well as the first exposure experiment results from 
small scale biomass stoves. 

 
Figure 1. Novel Exposure System for Air Liquid 

Interface exposure of cell cultures towards particle 
emissions from biomass burners 
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Due to ongoing discussions about risks for human health 
and European threshold values particulate matter 
emissions have gained in importance. The increasing use 
of renewable energy sources, such as wood, goes along 
with a higher burden of particulate matter, which has the 
potential to induce respiratory tract diseases in humans 
(Naeher, 2007; Pope, 2002). This study focuses on the 
toxicological characterization of particulate matter 
emerging from small scale wood combustion furnaces, 
investigating the direct cytotoxic effects as well as 
effects mediated by known carcinogenic compounds part 
of or adhering to the PMs, e.g. Polycyclic Aromatic 
Hydrocarbons (PAHs).  
 The physicochemical characteristics of PMs are 
assumed to be responsible for the direct (mechanical) 
toxicity of these dusts. In contrast PAH mediated 
toxicity is dependent on the bioavailability of PAHs for 
the cells exposed as well as their respective metabolic 
capacity for converting PAHs into high reactive 
intermediates. At present, potential PM toxicity 
assessment is based exclusively on PAH chemical 
analysis. The latter appears critical, as not all PAHs may 
be directly available to cells. Therefore additional in 
vitro assays as well as mechanistic studies are needed. 
Moreover addtl. pathways of action, beside xenobiotic 
metabolism and macromolecule interaction, e.g. 
membrane and nuclear receptor binding and activation, 
need to be taken into consideration. Indeed, the PAHs 
due to structural similarities with steroids, binding to the 
ligand binding domain of human steroid receptors is 
likely (Van Lipzig, 2004), thereby suggesting the 
potential activation of steroid receptor signal 
transduction pathways. 
 The 16 US EPA PAHs were quantified, via 
accelerated solvent extraction and adjacent GC-MS, in 
five particulate matter samples obtained from 
combustion events with variable conditions (e.g. 
complete and incomplete combustion). Three samples 
were chosen for detailed particle characterization 
comparing Zetapotential and particle size distributions in 
cell culture medium and water. Cytotoxicity assays were 
performed in two model cell lines (A-549: human type II 
alveolar epithelial cells, THP-1: human monocytic cells, 
differentiated to macrophages), using two different PM 
samples, one representing “complete combustion” and 
another representing “incomplete” combustion. Different 
concentrations and time points were assessed. A specific 
in vitro PAH transactivation assay (CALUX) was 
performed in order to investigate PAH bioavailability to 
the cells. Therefore, concentration-response curves were 

established with PM samples and with their respective 
organic extracts. To investigate possible steroid receptor 
binding and activation, specific androgen and estrogen 
receptor transactivation assays (PALM, MELN, ER 
CALUX, AR CALUX) are presently carried out 
(Balaguer, 1999; Freyberger, 2010). For the assessment 
of genotoxicity (p53 CALUX), oxidative stress (nrf2 
CALUX) or effects of progesterone (PR CALUX) 
additional CALUX assays are performed. 
 No acute cytotoxicity was observed for the PM 
sample from incomplete combustion, except for very 
high concentrations. However the sample from complete 
combustion revealed a higher cytotoxicity than the 
sample from incomplete combustion. The corresponding 
PAH transactivation assay (CALUX) demonstrated that 
some of the PAHs within the PM samples were 
bioavailable to the cells and provided for a good signal 
correlation between CALUX analyses and PAH 
chemical quantification. Indeed, the sample with the 
lowest concentration of PAHs revealed also the lowest 
response in the luminogenic signal, compared to samples 
with higher PAH amounts. However the signal intensity 
in the CALUX assay suggested a toxicity potential of 
individual or combinations of PAHs in the PM samples 
several fold above that indicated by mere PAH chemical 
quantification. A positive estrogen receptor activation in 
the MELN assay was observed for the PM sample with 
the highest PAH amount. For the PALM assay no 
concentration dependent response was observed in 
preliminary tests with the PM samples. 
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