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Wood smoke — a complex pollution mixture!
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State-of-the-art of biomass based residential heating
systems in Sweden

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!
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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)
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Pellet systems

Pellet burners are most common; used Pellet stoves have increased lately;
similar to oil burners used as primary heating source
10-15 kW; different fuel feeding and 3-10 kW; intermittent or regulating
burner designs load

Often intermittent operation

Some pellet boilers are also present on
the market, bur more common in Central
Europe!




Other technologies

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



Schematic illustration of the different stages during

combustion of a biomass fuel
(revised from Boman, Thesis 2005)
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Complete combustion ...

Initial state Final state
Euel + Air Intermediat Combustion
stages products
\_/
Complete combustion ... Total completion of the combustion
(total reactions) process requires;

1. sufficiently of oxygen
(>stoichiometric)

Hz + 1/2 O2 — H20 + energy 2. high temperature (>850°C)
S + 02 » SOz + energy

C + O » CO2 + energy

3. long residence time (some sec.)

4. good turbulence (mixing fuel-air)




Typical combustion behaviour in a wood stove

20 9 000
— 02 . nd
18 0GE adding 2.” wood batch 1 8000
—2CO
161 - 7000
14 | adding 1% wood batch
kindlin - 6000
12
A
3 + - 5000
< 10 |
O - 4 000
8 - B
- 3000
6 _|
.| - 2000
5 - 1000
0 I I I I I I I I I I I I I I I I I I I I I I I 0

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

(A) Start-up, (B) Intermediate phase and (C) Burn-out phase

From Pettersson et al, Energy and Fuels 2011;25:315-323

CO (diluted) and OGC (undiluted) (ppm)



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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Products of thermal decomposition of biomass

Cellulose (CzH,,0:),
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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 (C,H,) A
VOC’s (C,-C,) (e.g. ethene, propene)
Aldehydes

Substituted Furans

Benzene

Alkyl Benzenes (Toluene, Xylenes) Amounts and relative

Naphtalene distribution are strongly
varying under different
Substituted Naphtalens combustion conditions

Oxygenated monoaromatics
(Guaiacol, Syringol and Phenols etc.

Suger derivates (Levoglocosan,
Galactosan...)

PAH’s
Oxygenated PAH’s
Aliphatic Carboxylic Acids

Aliphatic Alcohols \/
Phenols etc. etc.




PAH in biomass cumbustion emissions
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Influence of distribution between gas phase and particulates

for different PAH s

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

Table 5

Summary of the 37 analyzed PAH compounds and their distribution between particulate and semivolatile phase during different

sampling conditions

Alwavs found as particulate bound

Always found in semi- Influenced by sampling

Mot detected in any case

volatile phase conditions®
Dibenzothiophene 2-Methylfluorene Fluorene O-Methylanthracene
9.10-Dimethylanthracene 3.6-Dimethylphenanthrene Indeno(l,2,3-cd)fluoranthene

Benz(a)luorene
2-Methylpyrene
4-Methylpyrene
I-Methylpyrene
Benzo(ghi)luoranthene
Benzo(c)phenanthrene
Benzo(bmaphtof [,2-d)jthiophene
Cyclopentaicd)pyrene
Benzo(a)anthracene
Chrysene

Benzolb + k)fluoranthene
Benzo(e)pyrene
Benzo(a)pyrene

Perylene
Indenoil,2,3-cd)pyrene
Benzo(ghi)perylene
Coronene

3-Methylphenant
2-Methylphenanthréwe
2-Methylanthracene
O-Methylphenanthrene
I-Methylphenanthrene
2-Phenylnaphthalene

3.9-Dimethylphenanthre b

CEluoranthene>
Cpyrene D

PAH,,, constitute only a minor part
of PM,,,, 0.3-3% in different wood
log and pellet studies (Boman, et al
2011, Pettersson et al, 2011)

Dibenzia.h)anthracene

the 4 dominating
PAH s in wood log
and pellet
combustion

In addition, Retene
is found but only
when burning
conifer wood

In increasing order sorted by molecular weight within each group, respectively.
fSampling temperature had the major influence on the distribution for all 12 compounds, i.e. increased sampling temperature yielded

less PAH material as particulate bound.

b Almost always found as particulate bound.



What about oxy-PAH like "Quinones”?

Can generate reactive oxygen species (ROS) during
inhalation metabolism

N 0]
O / ‘ A°
o) o)
9,10-Phenanthraquinone 1,2-Naphthoquinone

Typical Quinones found in diesel exhaust!

Scarce information available for wood smoke (?),
but research is on-going (in Sweden)!
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Typical PM size distributions from a mid-size (0.44 MW)

biomass combustion plant
(from a presentation by prof. Ingwald Obernberger, Graz Tech Univ.)
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Influence of load (operation) on coarse PM -
example from measurements in a 2 MW wood chips boiler (by ETPC, Umea University)

Entrained mineral grains
(e.q. silicates, CaO) and char
(fuel) residues

Higher gas velocities through
the grate at higher load!
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1000

dm/dlog(D,) (mg/nm®)

Typical PM mass size distributions in residential biomass
combustion appliances

Wood log stove
Pettersson et al, Energy and Fuels 2011;25:315-323
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Particle sources and size distribution in general

The use of PM, ; and UFP in combustion aerosol science has limited relevance!
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d
Wood smoke soot

Wood smoke organic particles
(low-temp combustion)

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

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

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




Classes of fine particles found in (residential)

biomass combustion
(from Tissari et al, Atmos. Environ. 2007:41:8330-8344)
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Fine PM formation is strongly affected by the
completeness of the combustion (from Boman, Thesis 2005)

Average PM-tot (mg/MJ)

350
300 A

Excess of products of
250 | incomplete combustion

(soot and organics)

2007 Inorganic fine PM of alkali

salts (K/Na-chlorides/sulfates
/carbonates/phosphates)

150 A
100 -
50 - 4
0 T T T T T T T T T
Optimized Pellet stove Pelletstove 1 Pellet stove Pellet stove Wood log  Wood log
combustion 1 (5 kW) (1.7 kW) 2 (5 kw) 2 (2 kw) stove stove

("normal”)  ("extreme")




New ash rich biomass fuels -2 increased emissions
of inorganic (ash) particles!

between 400

kWi, and 50 MWy,

E conversion from mg/Nm?® to mg/MJncy
prd .
< pellets, hardwood, waste wgod: x 0.66
2 1 000 |_bark x0.75 _—7
e straw: x 0.57 ' — '
o waste wood | - " e
& " =l
— 100 T L
£ softwood | ,:{* -
- : hardwood bark
- H 1,000 10,000 100,000
R Total of K, Na, Zn, Pb, S and Cl in the fuel [mg/kg d.b.]

Aeresal emisafons in medium and large-scale biomass combustion plants compared with
the concentration of aerosol forming elements in the fuel used

Explanations: emissions related to dry flue gas and 13 vol.% O2; d.b. ... dry basis;
results from measurements at grate-fired combustion plants in a capacity range

16

Source: Prof Ingwald Obernberger,
Graz Tech. Univ.



Ash forming elements in different parts of a spruce
(Johan Werkelin, Thesis, 2008, Abo Akademi University)

1.6 -
0 1.4 - e
SEVE
= Na
o 1 -
c ®Ca
o 0.8 - .M
%06 | _S_g
Q04 - !
S S
2 0.2 -
= Cl
0 [ |
Stem- Bark Twigs Needles Shoots Contam.
wood (3%)

Fine particle formation and emission depends on the behaviour
of these elements, i.e. fractionation between bottom ash and
aerosol phase!




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)
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We know that PM mass increases during uncomplete
conditions, BUT what about particle number?

100,000 © Wood pellets
O Wood logs O

—~ 10,000 | ~a Wood briquettes
= X Ol = 0
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D ¢ o 0 O 0 4
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£ 1004 o° o ¢ °
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Total organic compounds TOC (mg/MJ)

Source: JOHANSSON L. et al., 2005: Particle emissions from residential biofuel boilers and stoves
— old and modern techniques. In: Proc. of the Internat. Seminar “Aerosols in Biomass
Combustion®, March 2005, ISBN 3-9501980-2-4, pp 145-149, Graz, Austria



Number size distributions (in flue gases) during different

kinds of wood pellets combustion
Pagels, Boman et al, IAC 2006 (un-published data)

Good/optimized (hot, 900-
1100 ° C) combustion

Semi-poor (cold, 600-
800 ° C) combustion

Water soluble inorganic
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Soot dominated
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... in addition, particle size is increased at poorer
combustion conditions!

(un-published data from measurements at ETPC, Umea univ. in coll. with Lund univ.)
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Present emission factors (mg/MJ;,) used in Sweden for
residential biomass appliances

Old wood log boilers (no acc. tank, large fuel charge)

Old wood log boilers (no acc. tank, adjusted fuel charge)

M inorganic matter

Old wood log boilers (with acc. tank)
- (o)
Modern wood log boilers (with acc. tank) = non carbonate carbon %

Pelletappliances

Wood stoves (light and heavy weight)

0 200 400 600 800 1000 1200 1400
PM emissions (mg/MJ)

Old wood log boilers (no acc. tank, large fuel charge)
Old wood log boilers (no acc. tank, adjusted fuel charge)

Old wood log boilers (with acc. tank)

Modern wood log boilers (with acc. tank) m inorgdnic matter
[e

Pelletappliances
® non carbonate carbon|%

Wood stoves (light and heavy weight)
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... and with another scale ...
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Source: Todorovi¢ et al, 2007, Swedish report



Actual PM emissions related to different sectors in Sweden

Old wood log boilers (all
kinds; old technology
and/or no acc. tank)

Modern wood log boilers
(with acc. tank)

Pelletappliances

Wood stoves (all kinds;
light and heavy weight)

Significant total emissions from a small
number of units using large fuel

inorganic matter

charges in boilers without acc.tanks !!

128 512

1000 20
PM emissic

PM emissions (t/yeaer)

Old wood log boilers

142 500 units

2000

1500

1000 -

500 -

7 500 units

10 000 units

: I 4

no acc. tank, large fuel noacc. tank, adjusted with acc. tank
charge fuelcharge

Source: Todorovic et al, 2007, Swedish report




Emissions of PM,, (kilo ton/year) to air from different sources
within EU-15 for year 2000 compared to a “climate measure”
scenario for year 2020

1400
Agriculture
1200 Off-road
Non-exhaust
1000 Diesel exhaust, HDT
Diesel exhaust, cars
800
Agriculture
Off-road
D . Non-exhaust
600 BEEiE, Diesel exhaust, cars
wood stoves
Domestic,
400 wood stoves
200 Industrial processes
Industrial processes
0 h

2000 2020

Source: Amann M, Cofala J, Klimont Z. The potential for further reductions of PM
emissions in Europe. International Institute for Applied Systems Analysis (IIASA).
Presentation within the CAFE programme.




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)

German emission directive
— Proposed future limitations for room heaters/stoves
Requirements for type tests, emissions given at 13 % O,-conc (no inspection by chimney sweep required)
Step 1: Step 2: erected after
erected after erected after FE‘QU|EHI]I'I
regulation date 31.12.2014 date
Furnace type Co Dust co Dust ;H::'gxg

@M1 | m1 | @m] | [gm [%]

Room heaters with flat furnace 2.0 0,10 1,25 0,04 73
Room heaters with filling furnace 2,5 0,10 1,25 0,04 70
Heat storage stoves 2.0 0,10 1,25 0,04 75
Closed fireplaces 2.0 0,10 1,25 0,04 75
Tiled stoves (flat furnace) 2.0 0,10 1,25 0,04 80
Tiled stoves (filling furnace) 2,5 0,10 1,25 0,04 80
Cooking stoves 3,0 0,10 1,50 0,04 70
Central heating&cooking stoves 3,5 0,10 1,50 0,04 75
Pellet stoves without water jacket 0,40 0,05 0,25 0,03 85
Pellet stoves with water jacket 0,40 0,03 0,25 0,02 90
ST Technologie- und Férderzentrum
02 B ha 002 im Kompetenzzentrum fur Nachwachsende Rohstoffe




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/

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.

Soot (EC, BS, BC ...)

/

Carbonaceous Pyrolysis products
matter \ (e g levoglukosan, methoxiphenols ...

Organics \
Other compouds

(e g PAH, kinones, ...)

Main components — Alkali salts
(e g KClI, K,S0,, K5Na(S0,),, K,CO; ...
Inorganic also K-phosphates for non-woody fuels)

matter .
. Trace elements

. (e g Zn ... and several more for non-woody fuels)
N 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
++4+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 % O, (74 mg/MJ)
> 50 kW < 300 kW 100 mg OGC/Nm3 at 10 % O, (49 mg/MJ)
Automated fed: < 50 kW 100 mg OGC/Nm3 at 10 % O, (49 mg/MJ)

> 50 kW < 300 kW 80 mg OGC/Nm3 at 10 % O, (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 % O, (2546 mg/MJ)

Pellet stoves: 0.04 % CO at 13 % 0O, (339 mg/MJ)

No regulations for PM emissions!



Voluntary system for small scale biomass: —

------

Certifiering
|

P

P-marking - by SP Technical Research Institute of Sweden |~

Pellets stoves: 100 mg PM,;/Nm?3 at 10 % O, (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 % O, (145 mg/MJ)
Pellets burners: 75 mg OGC/Nm3 at 10 % O, (9, 6, 3 kW) (37 mg/M3J)
2000 mg CO/Nm3 (988 mg/MJ)
Grain burners:
class OGC PM;ot
mg/Nm3 10 % O, mg/MJ] mg7Nm3 10 % O, 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 % O, 249 mg/MJ)
CO 3000 mg/Nm?3 at 10 % O, (1500 mg/MJ)
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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 PM,,;,/Nm?3at 10% O,

<100 kW 7

>100 kW<300 kW

0 mg OGC(C/..

50 mg OGC(/..

(35 mg/M3J)

(35 mg/M1J) auto 1000 mg CO/..

manual 2000

(25 mg/M3J) auto 500 mg CO/..

manual 1000

(500 mg/M3J)
(1000 mg/MJ)
(250 mg/M3J)
(500 mg/M3J)

mg OGC/Nm313% O, mg CO/Nm3 13% O, PM;,: (g/kg fuel)
150 2000 1
150 2500 5
50 1000 5
150 2500 8
1000 5000 8

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

wt) tested

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




