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Particulate Emissions of a Modern Wood Stove
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Introduction Results
: : . : : . . . ¢ ‘s
In response to global warming, the use of biomass fuels is increasing as climate neutral fuels are Particulate Matter Emissions ..
éoet:?ngtr.]ﬂ;i:rstehgflav;/foeda:gr domestic heating has been heavily driven in the EU and also in The bulk PM emission factors (mg of mass emitted per 1kg  Table 2. Wood stove emission factors for fine particulate matter
Y ) years. . . : of dry wood) from this study together with results for Date  Fuel PM; PMzs PMig References .« e
In 2008 ca.14 Mio small stoves and boilers for solid fuel are used in Germany, and most of them . ) : ) glkg glkg glkg
. : wood stove emission factors available in the literature are 2010-12-06 _ Spruce 0.113° 0.115° 0.119° ’
combust wood. During the last years the number of wood stoves and also the consumption of . . . 2010-12-07 Spruce 0.102° 0.105° 0.112°
: o ) . . . summarized in Table 2. The PM. _emission factor of 0.12 for R e gl v e
wood for domestic heating in Germany increased. This causes continuous increase of the L 10 : T — L
.. ) : : : spruce observed in this study is at least a factor of 3 lower 2012-03-20  Beech 1.81 1.85° 1.91°
emission of fine particulate matter from domestic heating during the last couple of years, . ) 2012-03-21  Beech 1.0 1.03 1.07
: . : than the lowest emission factor for wood stove reported in 2012-03-27 Beech 0.92° 0.94° 0.94°
reaching an emission of 30.9 kt in 2012 for PM._and 29.2 kt for PM_, (UBA, 2014). In 2012 the ) ) o Portuguese wood
. 10 25 literature (Kistler et al., 2012). The observed PM. emission i 112289  Concalves et al., 2010
German total PAH emission, as sum of BaP, Benzo(b)fluoranthene, Benzo(k)fluoranthene, factor of ~ 1.3 for beech as fuel is comparable tc;othe lower P%rtuguesewood >
Indeno(1,2,3,-cd)pyrene, was 191 t (UBA, 2014). More than 80% of the PAH emission was caused 1> comp species | 1.66-16.0 concalves etal., 2011
: ) : range of the values reported in literature. Nevertheless, American tree species 0.88-3.4 Fine et al., 2004
by domestic heating mostly with wood or wood products as fuel (UBA, 2012). .. : Oak 3.4° .
) . : . . the PM emission of the modern wood stove with beech as SeuEES il 540 Kinsey et al., 2009
The aim of the present study was to investigate the particulate emissions of a modern wood L. ) . . 4 .
ﬁ f Various wood species 0.36-4 Kistler et al., 2012
: : . : : fuel is significantly higher than for spruce. Although the ‘ et
stove to ascertain as such a stove can contribute to diminish the problem of air pollution ) .. AL . e e, 2000
: - .. : : ) same experimental setup and conditions were used, Oak 3.6-7.2 McDonald et al.. 2000
mentioned above under realistic conditions of use. The main focus of the work was in the size : : : . Mixed hardwoods 2.3-6.1° ’
ceqreqated measurement of PM and PAH emissions strong differences in the burning conditions could be Various wood species 267" Ozgen et al., 2014
9red ' observed (Table 1). First of all the exhaust temperature £ A (A 0053l Pefterssonetal, 201
: : : : P D Schmidl et al., 2011
was much higher than in the experiments with spruce SR 1143 o
. . . o Mainly birch 0.9 Tissari et.al., 2007
used as fuel, which results in a higher emission of Acacia nilotica 0.9-2.8°  Venkataraman and Rao, 2001

@ Emission factor calculated as g of PM/dry kg of fuel. ° Initial temperature in the combustion chamber was 307+67°C (hot start). ° PMy; °

inOI‘ga niC SpeCieS (aSh) Cf. F|g ure 3 than at IOWQF Calculated using a conversion factor of 18 MJ/kg. ¢ Calculated using an average factor of 10 for the conversion of mg m>STP, 13%0, into mg/kg. f

Data for advanced stove.

temperature.
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m =180 -
EXperl ent 500 50 ace, 160 -
'g = "H" 140 - German limit as of
g 400 g ® 120 - March 22nd 2010
> ORemainder 2 O Remainder E 100 - — — — — — — — — — — — . [forlogwood
5 300 _ £ 30 _ Z 4
&n M Inorganics %o EInorganics ‘5'5 o
. ' o0 1 German limit as of
1st Dilution B =o° £ =0c S w0 Janary 15 2015
100 _:! . ! WEC 10 WEC g 0 b — —m o — = f_orlc&wo&d&_pelle_t
0 N = N
0 | | —L—1 0 | | — | N S Ng
0.073-0.14 0.14-0.27 0.27-0.48 0.48-0.93 0.073-0.14 0.14-0.27 0.27-0.48 0.48-0.93 ,{),’ :{}' .-{]f D”) ’ ,
Size Fraction [um] Size Fraction [um] ,]9'\9{ ,19'\9’ ,19‘\9' ,]9'0’ ,\9'\')’ ’P'Q'
P Fig. 3. Size-resolved EC, OC and soluble ion emission factors for spruce (left part) and Fig. 4. Total PM emission factors from spruce combus
2nd Dilution beech (right part) tion (left-hand side) and beech (right-hand
Berner Impactor side) together with German emission limit
values.

Filter

Additionally, the higher CO, concentration in the exhaust of the experiments with beech used as fuel indicates an insufficient amount of
10’ Shipping container 20’ Shipping container Dilution tunnel HR-ToF-AMS combustion air supply. Together with the high temperature this leads to too fast fuel pyrolysis and a high emission of incomplete
combustion products. All these factors results in a higher PM emission for beech combustion observed in our experiments.

Figure 4 present the PM emission factors together with the German emission limit values (1.BImSchV, 2010). The emission values were

HTDMA & VTDMA

Fig. 1. Scheme of the Leipzig Biomass Burning Facility (LBBF). calculated in mg per dry standard cubic meter with 13% CO.. From the experiments with spruce used as fuel can be seen that the emission
factors are clearly below limit values. But s it difficult to compare results which were obtained to verify the emission factors on a test station

Wood Combustion experiments were carried out in the Leipzig Biomass Burning Facility (LBBF) with values obtained under real conditions using a natural draft chimney.

at the Leibniz Institute for Tropospheric Research (TROPOS) in Leipzig, Germany (Fig.1). A series

of experiments were performed with amodern log wood oven based on down draft technology Size_seg reg ated PM and Size Distribution

(Fig.2).

Figure 5 shows the size-segregated PM emission factors in mg/kg of dry wood for spruce and beech. The PM emission factors for spruce
and beech have a similar mass size distribution, peaking at stage 4 (0.14-0.27 um) of the impactor. These results are comparable to
measurements published in the literature. Figure 5 shows clearly that there very low emissions of particles larger than PM.. The average
particle size distributions for spruce and wood combustion experiments are shown in Figure 6. For both wood types a unimodal size
distribution can be observed, which is in accordance with observations in the literature for advanced burning period. The particle size was
especially small in the experiments with spruce used as fuel. The particle mean (PMD) diameter varied from 54 to 64 nm for spruce
combustion and 99 to 108 nm for beech combustion.

At the beginning of the chimney CO, CO, and the
exhaust temperature were measured.In the 20*
shipping container CO again was measured to
calculate the first dilution ratio. The second diluti-
on ratio was calculated by measuring the flow of
the smoke into the dilution manifold before the
experiment, whereas the dilution flow was set by

a flow controller. Beech as well as spruce logs 50 600 1E+15
9E+14
were used as fuel. The first two wood logs were 3 * g 0 SE+14
ignited using charcoal lighter. Every 20 minutes g 40 S 400 W 7E+14 / \\
> > 3+
two wood logs were added on top of the glow 5 30 5 300 5 ??ﬂ [\
. . oo 0 0 +
bed, which results in an addition of ~ 650 g for < 20 < 200 Epmy / \
. O
spruce and ~850 g for beech, respectively. After £ 10 I I £ 100 > 36414 / \\
° . ° -c - e
30 min from the start secondary combustion air o | m . - W , Al . - by N N
was switch on and the wood smoke was transfer- 0% 00037 0"% a1 02~ o 09 %, %0, 0.4 0., 0% 0003) 0"% g, Oé Y 039 L0, 0., %0,
. o o . . 2> 9, : -0 ’ . 2> 4, g 0 ’
red into the mixing container and when the CO @ 0% ¢ > 0% e ¢ 10 100 1000
concentration in the mixing container reached a Size Fraction [um] Size Fraction [um] Particle Diameter (nm)
constant value, the sampling at the end of the
second dilution manifold was started. Sampling Fig. 5. Size-resolved PM emission factors for spruce (left part) and beech (right part) Fig. 6. Averaged particle number size distri-
time was 90 -120 min resulting in a sampling . . used as fuel. butions for spruce (dashed line) and
volume of 2.25 — 3.0 m3. Fig. 2. Modern wood stove with two- beech (solid line).
stage combustion. PAH Emissi
MISSIONS
The particle number size distributions between 9 nm and 900 nm are measured by a scanning PAH emissions reported in Table 3 include onlv particulate PAH.  Table 3. Wood stove emission factors for particulate PAHs
. e o . . . . P yPp
mobility particle sizer (SMPS) with a time resolution of 10 mins. An overview about the experi- They were determined from the sampled impactor foils. The PAH Date  Fuel P, Phlise References
. . . . . mg/Kg mg/kg
ments performed and the basic experimental data is given in Table 1. emission factors for the experiments with spruce used as fuel are 20701206 Spruce 024"
. -12- u :
significantly lower than the values reported in the literature. The 2010-12-08 Spruce 0.21°
C C . . . . . . 2012-03-20 Beech 15.4°
Table 1. Summary of basic experimental data higher PAH emission in the experiments with beech used as fuel 50120321 Beach 10.4°
ey L. . : : : : 2012-03-27 Beech 6.7°
Date Fuel T CO, CO Dilution Ratio could be ex!olalned by the higher comlgus.tlon temperature in S R == VicDonald et T, 2000
oC %% bpm these experiments (Table 1), because it is known that PAH e ST D Cltell, 2008
2010-12-06  Spruce 260 7 56 248 1:216 emission increase with increasing temperature. Incomplete I?/Iicr)(:t]l’y - | 321; HTeiggaerrig;ta ?"’z, %%gz
‘ 2010-12-07  Spruce 260 716 147 1:345 combustion due to insufficient amount of combustion air supply Birche 15.5% 208.5° Hytonen et al., 2009
. . . . . 2 Emission factor calculated as mg of PAHs/dry kg of fuel. ® Calculated using a conversion factor of 18 MJ/kg. ®Volatile PAHs
2010-12-08 Spruce 267 5.11 199 1:451 could also contribute to hlgher PAH emission in the beech (5;(:}“zsir;t:¥;ecrt1§;sﬁ}g?r;?npglt::r?g i(r)er:n sbuut?sttriitr:]ted for comparability. ¢ Emission factors for normal combustion.
2012-03-20  Beech 398 12.3 809 1:2690 combustion experiments. |
2012-03-21  Beech 399 13.5 733 1:960
2012-03-27  Beech 401 12.1 721 1:1190
° ° ° ° ° ° .‘ - -
. The particle number size distributions between 9 nm and 900 nm are measured by a scanning ) Conclusions References and Fundin g
. mobility particle sizer (SMPS) with a time resolution of 10 mins. An overview about the experi- .
ments performed and the basic experimental data is given in Table 1.
a . _ _ i i o) )
o s * PM samples were taken using a 10 Stage Berner type lmpaCtOr with 50% cut offs at 0'037' > e . The PM_ _emission factor Of 0.12 /k dr d f b di Fine et al., Environ. Sci. Technol. 21, 705 (2004); Concalves et al., Atmos. Environ. 44,
. *, . . .12 g/kg dry wood for spruce observed in
R 0.073,0.14,0.27,0.48, 0.93, 2, 4, 8 and 16 um aerodynamic diameter. . : 10 , _
-, ) ) o ) . . % . this Study is to our best know|edge about a factor of 3 lower than the 4474 (2010);Concalves et al., Atmos. Environ. 45, 4533 (2011); Heringa et al., Atmos.
. Mass determination was done by weighing the clean and particle loaded impactor foils on a - . : :
. oD . ) 1A lowest emission factor for wood stove reported in the literature. The Chem. Phys. 11,5945 (2011); Kinsey et al., Atmos. Environ. 43, 4959 (2009); McCrillis,
S PR microbalance UMT-2 (Mettler-Toledo, Switzerland). e . I o
5 ) ) o . . . - . S PAH emission factor for spruce combustion is at least a factor of ten EPA Report No. EPA-600/R-00-050 (2000); McDonald et al., Environ. Sci. Technol.
. For ion analysis, about 25 % of the impactor foils were extracted in 1.5 ml MilliQ-water (>18 M " i Jower than the lowest factor reported. Althouah the same
A Q cm, 15 min shaker, 15 min ultrasonic bath, 15 min shaker). lon analysis was performed for e oy el e o] e wI:re uséd <tron gdifferences - K, AU AU FOSETSEmELEl, EnErgy e, 29, S (ATITE sdnmiel) Siel, Almes
o4, cations Na*, NH,* K+, Mg?*, and Ca?* and anions CI, Br, NO,;, SO, and C,0,> using a standard el th > burni d'l’[c)' 1V high h ’ " 9 . q EMAIREINS 4.5, 716 A I NS GEE L (ITmess EmvITem, 21, €6 (o123 e Glel,
: .
. » ‘“ . ion-chromatography technique (ICS3000, DIONEX, USA). ! 2 | e. urnln.g conditions, especially . 'g e.r €xhaust tempera uresf <l Atmos. Environ. 94, 144 (2014); Tissari et al., Atmos. Environ.41, 8330 (2007); Venkatara-
t, . : : : : " u o an insufficient amount of combustion air supply caused the higher , , _
- 2, . Forthe quantification and separation of carbonaceous PM into organic (OC) and elemental AR R o : , , man and Rao, Environ. Sci. Technol. 35, 2080 (2001); Hedberg et al., Atmos. Environ.
R : : : : ., emissions in the experiments with beech logs used as fuel. From the
. -+ carbon (EC) a two-step thermographic method was applied using a commercial carbon analy- Cor o . : . 36, 4823 (2002); Hyténen et al., Aerosol Sci. and Technol. 43, 442 (2002); UBA 2012
2L s zer (C-mat 5500, Strohlein, Germany) .« experiments with spruce used as fuel can be seen that the emission
- : . . . http://umweltbundesamt.de/sites/default/files/medien/publikation/long/4372.pdf;
{"":":"’2‘: A Curie Point P ’rol sis GC’/MS (CPPyGC/NIS) technique was used to quantify PAHs and n . "« factor for PM is clearly below the actual German limit value. A S
] = - - a c c - c - c c . icci . -
‘:‘J,‘.:;\: Slkanes yroly y .: {: substantial reduction in the emission of PM and PAH can be realized in UBA 2014 http://umweltbundesamt.de/themen/luft/emissionen-von-luftschadstoffen
* ¢ ‘ 1
e . -l . . . . . .
:“’rn’. ‘} ¢:’_:$5‘ domestic heatmg using a modern wood stove, with gOOd operatlonal These investigations were supported by the German Federal Ministry of Environment,
.:."::“:.‘-_ ’;_‘ 4’. . practicesl and with sufficient combustion air Supp|y Nature Conservation and Nuclear Safety under grant 03 MAP 144,
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