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Wood smoke – a complex pollution mixture! 

Focus on fine aerosol particles! 



Combustion 
fundamentals 

Emissions, Aerosols and 
Appliances 

Outline 

Air pollution/quality 
and regulation 



Wood log boilers 
  
Normally 30-50 kW nominal heat output → accumulator tank needed! 
 
Development with down-draft combustion, sucking fan, primary and 
secondary air, isolated combustion chamber and heat accumulation tanks 
 
However, only ~30% of the households has acc.tank in Sweden → the size of 
the fuel charge are  important for the emission of soot and organics! 

State-of-the-art of biomass based residential heating 
systems in Sweden 



General trend with decreased 
emissions for newer wood 
stoves! 

Source: Paulrud et al, 2006, 
Swedish report 

Wood stoves 

A trend with installation of light wood stoves (chimney 
stoves) in new and older houses are present in Sweden, often 
as a complement to electricity heating 

3-12 kW (trend to lower heat outputs) 

“Clean Burning” stoves (i.e. preheated secondary air always 
present and the stove is tight) 



Pellet systems 

 

Pellet burners are most common; used 
similar to oil burners 
10-15 kW; different fuel feeding and 
burner designs 
Often intermittent operation 

  

Pellet stoves have increased lately; 
used as primary heating source 
3-10 kW; intermittent or regulating 
load 

Some pellet boilers are also present on 

the market, bur more common in Central 

Europe! 



Grain combustion (burners and boilers) – 
some potential (mainly oat) but uncertain 

Wood chips – a relative small 
potential in residential systems but 
still suitabale in some cases 

Other technologies  



Schematic illustration of the different stages during 
combustion of a biomass fuel 

(revised from Boman, Thesis 2005) 

H2O(l) → H2O(g) Pyrolysis gases ----> 
hydrocarbons+soot+CO 
----> CO2+H2O 

C(s) → CO → CO2 

Ash formation and transformation ------------------------> 

C/H/O fuel 
matrix 

”Ash” 



C + O2  CO2 + energy 

H2 + 1/2 O2  H2O + energy 

S + O2  SO2 + energy 

Complete combustion … 
(total reactions) 

Total completion of the combustion 
process requires; 

1. sufficiently of oxygen 
(>stoichiometric) 

2. high temperature (>850C) 

3. long residence time (some sec.) 

4. good turbulence (mixing fuel-air) 

Initial state Final state 

Fuel + Air 
Combustion 

products 

Complete combustion ... 

Intermediat 

stages 



0

2

4

6

8

10

12

14

16

18

20

00:00 00:30 01:00 01:30 02:00 02:30 03:00 03:30 04:00 04:30 05:00 05:30

O
2
 (

%
)

0

1 000

2 000

3 000

4 000

5 000

6 000

7 000

8 000

9 000

C
O

 (
d

il
u

te
d

) 
a

n
d

 O
G

C
 (

u
n

d
il

u
te

d
) 

(p
p

m
)

O2

OGC

CO

kindling

adding 1
st

 wood batch

adding 2
nd

 wood batch

A

B

C

(A) Start-up, (B) Intermediate phase and (C) Burn-out phase 
 
From Pettersson et al, Energy and Fuels 2011;25:315-323 

Typical combustion behaviour in a wood stove 



Biomass raw materials and fuels – 
from traditional wood logs to new energy crops 
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Ash forming elements (% of dry substance) 
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Cellulose (C6H10O5)n 

Lignin 

Pyrolysis  products 

Levoglucosan and other ”sugar 

derivates” 

Products of thermal decomposition of biomass 

http://upload.wikimedia.org/wikipedia/commons/0/07/Cellulose_Sessel.svg
http://sv.wikipedia.org/wiki/Fil:Lignin_structure.svg
http://en.wikipedia.org/wiki/File:Levoglucosan.png


Classes of organic components formed during 
incomplete biomass combustion 

Methane 
 
Other Alkanes (CxHy) 
 
VOC´s (C2-C7) (e.g. ethene, propene) 
 
Aldehydes 
 
Substituted Furans 
 
Benzene 
 
Alkyl Benzenes (Toluene, Xylenes) 
 
Naphtalene 
 
Substituted Naphtalens 
 
Oxygenated monoaromatics 
(Guaiacol, Syringol and Phenols etc. 
 
Suger derivates (Levoglocosan, 
Galactosan...) 
 
PAH´s 
 
Oxygenated PAH´s 
 
Aliphatic Carboxylic Acids 
Aliphatic Alcohols 
Phenols etc. etc. 

Amounts and relative 
distribution are strongly 
varying under different  
combustion conditions 



ReteneRetene

PAH in biomass cumbustion emissions 



Influence of distribution between gas phase and particulates  
for different PAH´s 

Boman et al, Biomass and Bioenergy 2005;29(4):258-268 

PAHtot constitute only a minor part 
of PMtot, 0.3-3% in different wood 

log and pellet studies (Boman, et al 
2011, Pettersson et al, 2o11) 

the 4 dominating 
PAH´s in wood log 
and pellet 
combustion  
In addition, Retene 
is found but only 
when burning 
conifer wood 



What about oxy-PAH like ”Quinones”? 

Can generate reactive oxygen species (ROS) during 
inhalation metabolism 

Scarce information available for wood smoke (?), 
but research is on-going (in Sweden)! 

1,2-Naphthoquinone 

Typical Quinones found in diesel exhaust! 

9,10-Phenanthraquinone 



Cellulose 
Hemi-cellulose 

Lignin 
Extractives 

200-600 °C  700-800 °C 900-1100 °C 

Pyrolysis (decomposition 
of fuel matrix) 

Levoglucosan 
Other sugar derivates 

Methoxiphenols 
Carboxylated acids 

 
= Substituted, 

oxygenated 
compounds 

(Aliphatics) 
Benzene 

Naphtalene 
PAH´s 

... 
= Pure hydrocarbons 
(aromatics are more 

thermally stable) 

CxHy+O2 = CO2+H2O 

Combustion 

Total  amounts of 
organics 

Gas-to-Particle conversion 

In flame  
Formation of soot 
In flue gases  
Condensation onto soot 
and/or ash PM  

Thermal 
”transformation” 

(C Boman, own illustration) 

Gas temp 



Typical PM size distributions from a mid-size (0.44 MW) 
biomass combustion plant 

(from a presentation by prof. Ingwald Obernberger, Graz Tech Univ.) 



Influence of load (operation) on coarse PM –  

example from measurements in a 2 MW wood chips boiler (by ETPC, Umeå University) 
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Higher gas velocities through 
the grate at higher load! 



Typical PM mass size distributions in residential biomass 
combustion appliances 

Wood log stove 
Pettersson et al, Energy and Fuels 2011;25:315-323 

Pellet stove 
Boman et al, Energy and Fuels 2011;25:307-314 
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Ultra-Fine Particles 

PM1 PM2.5 PM10 UFP TSP 

soot, organics, metals  

metals, sufuric acid, 
organics, primary soot 

mineral grains, road 
dust, sand etc. 

Particle sources and size distribution in general 

The use of PM2.5 and UFP in combustion aerosol science has limited relevance! 



from Kocbach et al, Science of the Total Environment, 2005) 

Wood smoke soot 

Wood smoke organic particles 
(low-temp combustion) 

from Boman et al, Energy and Fuels 2011;25:(1):307-314 

”Good” wood pellet combustion 
PM (alkali salt particles)  

500 nm 
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Classes of fine particles found in (residential) 
biomass combustion 

(from Tissari et al, Atmos. Environ. 2007:41:8330-8344) 

1. Organics 

2. Soot 

3. Inorganics 



Fine PM formation is strongly affected by the 
completeness of the combustion (from Boman, Thesis 2005) 

Average PM-tot (mg/MJ)
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New ash rich biomass fuels  increased emissions 

of inorganic (ash) particles! 

Average PM-tot (mg/MJ)
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Fine particle formation and emission depends on the behaviour 
of these elements, i.e. fractionation between bottom ash and 

aerosol phase! 
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Volatilazation of inorganic fine aerosol forming matter is strongly 
influenced by combustion temperature and fuel ash composition 

(example from Boman et al, Energy and Fuels 2004;18:338-348) 

Predicted behavior of potassium during sawdust combustion from 
chemical equilibrium calculations (i.e. thermodynamic properties) 



We know that PM mass increases during uncomplete 
conditions, BUT what about particle number? 
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... in addition, particle size is increased at poorer 
combustion conditions! 

 
(un-published data from measurements at ETPC, Umeå univ. in coll. with Lund univ.) 
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Industrial combustion
Industrial combustion
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A tougher and harmonized legislation within EU is foreseen and 
Central European members are in the front line! 
(from a presentation by Hans Hartman, TFZ, Germany, within ERA-NET project BiomassPM) 



On-going research activities within ERA-NET Bioenergy 
(ERA-NET = European Research Area Network) 
 
http://www.eranetbioenergy.net 

1 project within the former program Small scale combustion 2007-2008: 
 

BiomassPM: Evalaution and coordination of national data, research activities 

and methods 

2 relevant projects within the program Clean Combustion 2009-2012: 
 

BioHealth – Health effects of particulate emissions from small scale 

biomass combustion 
13 research partners from Finland, Sweden, Austria and France 
- Compilation of scientific data 
- Physico/chemical characterisation of biomass PM 
- Toxicological evaluation (in-vitro) with different combustion particles and 

syntethic aerosols 
- Human exposure chamber studies 
- Respiratory tract deposition measurements 

FutureBioTec- Future low emission biomass systems 

8 research partners in Austria, Germany, Poland, Sweden, Finland and Ireland 
- Emission reduction measures for future wood stoves 
- Emission reduction (NOx and PM) in automatic systems (<20 MW) 
- Evaluation of existing small particle precipitation devices 
- Development of an innovative secondary method for PM reduction 
- Compilation of state-of-the-art reports and guidelines 

http://www.eranetbioenergy.net/


Carbonaceous 
matter 

Inorganic 
matter 

Soot (EC, BS, BC ...) 

Organics 

Pyrolysis products 
(e g levoglukosan, methoxiphenols ...) 

Other compouds 
(e g PAH, kinones, ...) 

Main components – Alkali salts 
(e g KCl, K2SO4, K3Na(SO4)2, K2CO3 ... 
also K-phosphates for non-woody fuels) 

Trace elements 
(e g Zn ... and several more for non-woody fuels) 

Chemical fractionation/speciation of relevance for 
biomass combustion fine PM 

 
As defined in ERA-NET ”BiomassPM” Project 

Jokkiniemi et al, Final report of the project "Biomass-PM" funded by ERA-NET Bioenergy 
Programme 2007-2008. University of Kuopio, Report 1/2008. ISSN 0786-4728. 

Refractory elements (in coarse PM for some fuels) 
(e g Ca, Mg, Si ...) 



Summary 
• Combustion processes with solid fuels are very complex and it exists a 

great number of different fuels and applications 
 

• Depending on combustion conditions and ash properties, the formation 
of aerosols and their characteristics vary considerably 
 

• Both fine (<1 um) and coarse PM are formed although with a clear 
focus on the fine fraction in most cases 
 

• In general, three classes of fine combustion aerosols are defined;  
soot, organic and inorganic (ash) particles 
 

• In larger plants with good control and efficiency, the ash PM dominates 
 

• In small scale (residential) systems, a great variation exists depending 
on technology, operation and fuel used (modern well working small 
appliances resembles large scale systems) 
 

• The formation are goverened by the thermal volatilazation of organic 
and inorganics species with compex subsequent physical and chemical 
transformation processes in flue gases from 1200-100 C 
 

• Many of the details in these processes are still to be elucidated and the 
implications for the toxicity and human health are still to be elucidated! 



Policy implications 

• How to work on the community level with local air pollution problems 
from residential wood combusiton? Information, Regulation, 
Measurements, Scientific back-up, ….??? 
 

• How to consider the fact that huge variations in emission performance 
exists between different kinds of biomass combustion systems; 
influences of technology, fuel, installation, operation, … !? 
 

• Often a limited number of installations generate the dominating part of 
the emissions in residential areas! 
 

• Should all particles be considered equal harmful? 
 

• An increased bioenery market will include also non-woody biomass 
fuels, with higher ash content and higher emissions of fine ash 
particles, of special relevance for medium scale appliances! 
 

• For medium scale heating plants, tougher legislation on PM emissions 
can be devastating of economical reasons! 
 

• How to implement scientific information of potential variations in 
toxicity/health effects from different kinds of PM pollution in future 
legislation? 



Thank you for your attention! 

christoffer.boman@chem.umu.se 
++46 90 786 6756 



General requirements for small scale biomass in Sweden 

Regulated by The National Board of Housing, Building and Planning 
 

Primary heating (Testing according to EN 303-5) 

 

Manually fed: < 50 kW  150 mg OGC/Nm3 at 10 % O2  (74 mg/MJ) 

  > 50 kW  ≤ 300 kW 100 mg OGC/Nm3 at 10 % O2  (49 mg/MJ) 

Automated fed:  < 50 kW  100 mg OGC/Nm3 at 10 % O2  (49 mg/MJ) 

  > 50 kW  ≤ 300 kW 80 mg OGC/Nm3 at 10 % O2  (39 mg/MJ) 

OGC = Organic Gaseous Carbon 

 

 

Secondary heating (Testing according to EN 12815, EN 13229, EN 12809, EN 13240 
and prEN 14785) 

 

Wood stoves and other fireplaces: 0.3 % CO at 13 % O2 (2546 mg/MJ) 

 

Pellet stoves:   0.04 % CO at 13 % O2 (339 mg/MJ) 

 

 

  No regulations for PM emissions! 



Voluntary system for small scale biomass: 
 
 
 
P-marking - by SP Technical Research Institute of Sweden 
 
Pellets stoves: 100 mg PMtot/Nm3 at 10 % O2  (49 mg/MJ) 
   75 mg OGC/Nm3     (37 mg/MJ) 
   2000 mg CO/Nm3    (988 mg/MJ) 
 
Wood stoves: 200 mg OGC/Nm3 at 13 % O2   (145 mg/MJ) 
 
Pellets burners: 75 mg OGC/Nm3 at 10 % O2 (9, 6, 3 kW) (37 mg/MJ) 
   2000 mg CO/Nm3    (988 mg/MJ) 
Grain burners:  
 class  OGC     PMtot 

  mg/Nm3 10 % O2 mg/MJ   mg/Nm3 10 % O2 mg/MJ 
 1  50  25  150  75 

2  75  37  250  125 
3  100  49  -  - 
4  150  74  -  - 

 
Wood chips burners: OGC 100 mg/Nm3 at 10 % O2 (49 mg/MJ) 

   CO 3000 mg/Nm3 at 10 % O2 (1500 mg/MJ) 



Swan labelling - Official Nordic Ecolabel introduced by the Nordic Council of Ministers 
 
Wood boilers:  (EN 303-5) (automatic boilers tested at 20, 40 and 60 instead of 30 % load) 
 
All  70 mg PMtot/Nm3 at 10% O2 (35 mg/MJ) 
<100 kW 70 mg OGC/..    (35 mg/MJ) auto 1000 mg CO/.. (500 mg/MJ) 
        manual 2000  (1000 mg/MJ) 
>100 kW≤300 kW 50 mg OGC/..   (25 mg/MJ) auto 500 mg CO/.. (250 mg/MJ) 
        manual 1000  (500 mg/MJ) 

Stoves tested according to pr15250, EN 13240 and EN 13229. Dust (PM tot ) tested 

according to NS 3058 and 3059 utilising a dilution tunnel firing at low heat output.  

Stoves: mg OGC/Nm3 13% O2 mg CO/Nm3 13% O2 PMtot (g/kg fuel) 

Slow heat release 150 2000 1 

Stove (man) 150 2500 5  

Stove (automatic) 50 1000 5 

Insert 150 2500 8 

Sauna stove 1000 5000 8 


