
Verenum	

Particulate Matter (PM)  
from biomass combustion  
 
An overview on particle types and  
measures to reduce particle emissions"

Thomas Nussbaumer1,2 "
"
1Lucerne University of Applied Sciences and Arts, Horw"
2Verenum Research, Zürich"
"
"
"
"
"
"
"
"
20th ETH-Conference on Combustion Generated Nanoparticles"
Zürich, June 13–16 2016"
"



Verenum	

Titel"
Aerosols from Biomass 
Combustion  
"

1. Biomass – what else ?"

2. Biomass combustion and particle formation  

3. Measures to reduce particle emissions 

4. Conclusions"



Verenum	

Weltenergieverbrauch Kuchen Biomasse"
6%

Nuklear

32%

25%

20%

Erdöl

Kohle

Erdgas

11%

6%

Sonne, Wind 
    & Geo 1%

Biomasse

Wasser

6%

Fossile Energieträger 77%

Weltenergieverbrauch nach Energieträgern 
                   [World Energy Council 1995]

Erneuerbare
Energien 17%

Hydro"
  4%"

Nuclear 
(Uran)"
  3%"

Oil"
35%"

Coal"
 24%"

Natural Gas"
             21%"     F o s s i l     F u e l s   80%"

Biomass  "
12%"

Wind   0.5%"
Solar 0.2%"
Geo 0.2%"

[IEA Global Energy Outlook 2006] www.worldenergyoutlook.org"
[REN 21, 2014: Renewables 2014 Global Status Report, Paris REN 21 Secretariat ISBN 978-3-9815934-2-6]"

Renewables    "
 Energies 17%"

Heat"
Electricity"
(Transport)"



Verenum	

Environmental Impact of Residential Heating"

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

Öl Gas Stückholz Holzschnitzel Holzpellets

Ec
o 

in
di

ca
to

r 9
5 

rf 
 [–

]
 high"

 base"

 low"

Oil              Gas          Log wood     Wood chips    W. pellets*   "

CO2"

PM"
NOX "
... "
"

40%"
40%"
20% "
"

 Valuation of green "
house effect 	

CO2"

w/o fine particle precipitation"

PM"
NOX "
... "
"

[Kessler F., Knechtle, N, Frischknecht R., Heizenergie aus Heizöl, Erdgas 
oder Holz, BUWAL, Schriftenreihe Umwelt Nr. 315, Bern 2000]"



Verenum	

Environmental Impact of Residential Heating"

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

Öl Gas Stückholz Holzschnitzel Holzpellets

Ec
o 

in
di

ca
to

r 9
5 

rf 
 [–

]

[Kessler F., Knechtle, N, Frischknecht R., Heizenergie aus Heizöl, Erdgas 
oder Holz, BUWAL, Schriftenreihe Umwelt Nr. 315, Bern 2000]"

 high"

 base"

 low"

Oil              Gas          Log wood     Wood chips    W. pellets*   "

CO2"

PM"
NOX "
... "
"

40%"
40%"
20% "
"

CO2"

w/o fine particle precipitation"

PM"
NOX "
... "
"

 Higher air pollution"
(even if primary solid particles "

considered only)	



Verenum	

Environmental Impact of Residential Heating"

conflict	conflict	conflict	conflict	



Verenum	

Titel"
Aerosols from Biomass 
Combustion  
"

1. Biomass – what else ?"

2. Biomass combustion and particle formation 

3. Measures to reduce particle emissions 

4. Conclusions"



Verenum	

CaCO3  

u > 0.1 m/s 

Ash 
CaCO3 

> 1–10 µm 

Evaporation 
Entrainment 

 G  a  s       p  h  a  s  e       p  o  l  l  u  t  a  n  t  s     S o l i d    P a r t i c u l a t e    M a t t e r 
Droplets  Gas  

CxHyOz  

H2O 

  K, Na, Ca, S, Cl, N 

H2O 

T > 100°C 

Devolatilisation  Pyrolysis C 
(Char) 

CmHn 
CO, H2 

T > 300°C + O2 

+O2 
+CO2 

Gasification 

CO 

VOC COC 

 τ > 

Primary 
Tars 

τ < 

O2 = 0 

T > 550°C 

+O2 

   T > 800°C 

+O2 

CO2 CO 

Gas phase  
combustion 

S
ol

id
 fu

el
 c

on
ve

rs
io

n 
 

in
 fu

el
 b

ed
 

by
 p

rim
ar

y 
ai

r 

C
on

se
cu

tiv
e 

re
ac

tio
ns

  
in

 c
om

bu
st

io
n 

ch
am

be
r 

by
 s

ec
on

da
ry

 a
ir 

C
hi

m
ne

y "

NOX 

Secondary 
Tars 

>700°C 

PAH 

T > 800°C T < 800°C 
O2 = 0 

–H2  

Soot 

< 100 nm 

+O2 +O2 

Evaporation 

Nucleation 

Coagulation 

KCl, K2SO4  
oxides 

< 100 nm 

T > 800° 

Condensation 

K+, Na+, Cl–, SO4
2–, 

OH–, CO3
2–, NO3

–  

Zn-, Mg-, Fe-, Al-oxides 
Waste: Cu, Cr, Pb, (Cd)  

Salts 

u Gas velocity, τ Residence time, </> short/long 
1 Solid-particle-path, 2 Solid-vapour-particle-path 

1  2  

COC: Condensable Organic Compounds 
VOC: Volatile Organic Compounds 
 

T: [Evans and Milne, 1987], H2: [Jess, 1996] 

Biomass 
+ Char 

u > 0.1 m/s 

> 10 µm 

Products from  
Complete  

Combustion 

Products from Incomplete Combustion  
(PIC) 

Products from  
Complete  

Combustion 



Verenum	

 G  a  s       p  h  a  s  e       p  o  l  l  u  t  a  n  t  s     S o l i d    P a r t i c u l a t e    M a t t e r 
Droplets  Gas  

H2O VOC COC CO2 CO 

C
hi

m
ne

y "

NOX Soot Salts 
Biomass 
+ Char 

C
hi

m
ne

y "

A t m o s p h e r e"
POA + EC/BC"

PM10"
SOA"PIA" SIA"

COC: Condensable Organic Compounds 
VOC: Volatile Organic Compounds 
 

EC/BC: Elemental Carbon/Black Carbon 
POA: Primary Organic Aerosol 
SOA: Secondary Organic Aerosol 
 

PIA: Primary Inorganic Aerosol 
SIA: Secondary Inorganic Aerosol 
 



Verenum	

 G  a  s       p  h  a  s  e       p  o  l  l  u  t  a  n  t  s     S o l i d    P a r t i c u l a t e    M a t t e r 
Droplets  Gas  

H2O VOC COC CO2 CO 

C
hi

m
ne

y "

NOX Soot Salts 
Biomass 
+ Char 

C
hi

m
ne

y "

A t m o s p h e r e"
POA + EC/BC"

PM10"
SOA"PIA" SIA"

[Nussbaumer, T., Energy & Fuels, Vol. 17, No 6, 2003, 1510–1521, 17]"

543210
10

100

1 000

10 000

100 000

λ

[mg/Nm3]
 (11% O2)

[ – ]

CO

                                                Excess Air Ratio  λ	

Lauber, A.; Nussbaumer, T., 13th 
ETH-Conference on Combustion 
Generated Nanoparticles, June 22 – 
24 2009, Zurich 2009"



Verenum	
543210

10

100

1 000

10 000

100 000

λ

[mg/Nm3]
 (11% O2)

[ – ]

CO

                                                Excess Air Ratio  λ	

COC"

Soot"

Salts"

[Nussbaumer, T., Energy & Fuels, Vol. 17, No 6, 2003, 1510–1521, 17]"

Lauber, A.; Nussbaumer, T., 13th 
ETH-Conference on Combustion 
Generated Nanoparticles, June 22 – 
24 2009, Zurich 2009"



Verenum	

 G  a  s       p  h  a  s  e       p  o  l  l  u  t  a  n  t  s     S o l i d    P a r t i c u l a t e    M a t t e r 
Droplets  Gas  

H2O VOC COC CO2 CO 

C
hi

m
ne

y "

NOX Soot Salts 
Biomass 
+ Char 

C
hi

m
ne

y "

A t m o s p h e r e"
POA + EC/BC"

PM10"
SOA"PIA" SIA"

[Klippel, N.; Nussbaumer, T., 15th European Biomass Conference, Berlin 7–11 May 2007, Paper W1612, ISBN 978-88-89407-59-X]!



Verenum	

 G  a  s       p  h  a  s  e       p  o  l  l  u  t  a  n  t  s     S o l i d    P a r t i c u l a t e    M a t t e r 
Droplets  Gas  

H2O VOC COC CO2 CO 

C
hi

m
ne

y "

NOX Soot Salts 
Biomass 
+ Char 

C
hi

m
ne

y "

A t m o s p h e r e"
POA + EC/BC"

PM10"
SOA"PIA" SIA"

            Graph: [Schmid]"



Verenum	

 G a s    p h a s e   p o l l u t a n t s "              S o l i d  P a r t i c l e s              Droplets"

CxHyOz "
H2O"

K, Na, Ca, S, Cl, ..."

(wet biomass) "

CaCO3 "

u > 0.1 m/s"
evaporation 
entrainment"

Ash  
CaCO3"

> 1–10 µm"

+O2"

CO2"CO"

T > 300°C + O2"
C"

CmHn"
+O2"

+CO2"

CO"

H2O"

T >100°C"

+O2"
   T > 800°C"

VOC"COC"

 τ >"

primary 
Tar"

τ <"

O2 = 0"

T < 700°C"

secondary 
Tars"

700°–850°C"

PAH"

T > 850°C" T < 850°C"

–H2 "

Soot"

< 100 nm"
+O2" +O2"

evaporation"

nucleation"

coagulation"

KCl, K2SO4  
oxides"

< 100 nm"

T > 800°"

condensation"

K+, Na+, Cl–, SO4
2–, 

OH–, CO3
2–, NO3

– "

Zn, Mg, Fe, Al oxides"

waste: Cu, Cr, Pb (Cd) "

Salts"

u > 0.1 m/s"

Products from Complete Combustion" Products from Incomplete Combustion 	

0

10

20

30

40

50

60

70

80

90

100

>12.217.595.133.472.211.070.640.41<0.41

Aerodynamischer Partikeldurchmesser [µm]        Aerodynamic Diameter [µm]	

"
[m

g/
m

3 ] 
(1

3%
 O

2)"

[Oser, M.; Nussbaumer, T., Schweizer, B.; Mohr, M.; Figi, R., Aerosols from 
Biomass Combustion, International Seminar, 27 June 2001, ETH Zürich, 

Verenum press, ISBN 3-908705-00-2, 59–64]"

[Kaufmann&Nussbaumer 1998]"

Particle mass distribution from an automated wood boiler"

measured by cascade impactor"



Verenum	

 G a s    p h a s e   p o l l u t a n t s "              S o l i d  P a r t i c l e s              Droplets"

CxHyOz "
H2O"

K, Na, Ca, S, Cl, ..."

(wet biomass) "

CaCO3 "

u > 0.1 m/s"
evaporation 
entrainment"

Ash  
CaCO3"

> 1–10 µm"

+O2"

CO2"CO"

T > 300°C + O2"
C"

CmHn"
+O2"

+CO2"

CO"

H2O"

T >100°C"

+O2"
   T > 800°C"

VOC"COC"

 τ >"

primary 
Tar"

τ <"

O2 = 0"

T < 700°C"

secondary 
Tars"

700°–850°C"

PAH"

T > 850°C" T < 850°C"

–H2 "

Soot"

< 100 nm"
+O2" +O2"

evaporation"

nucleation"

coagulation"

KCl, K2SO4  
oxides"

< 100 nm"

T > 800°"

condensation"

K+, Na+, Cl–, SO4
2–, 

OH–, CO3
2–, NO3

– "

Zn, Mg, Fe, Al oxides"

waste: Cu, Cr, Pb (Cd) "

Salts"

u > 0.1 m/s"

Products from Complete Combustion" Products from Incomplete Combustion 	

0

10

20

30

40

50

60

70

80

90

100

>12.217.595.133.472.211.070.640.41<0.41

Aerodynamischer Partikeldurchmesser [µm]        Aerodynamic Diameter [µm]	

"
[m

g/
m

3 ] 
(1

3%
 O

2)"

[Oser, M.; Nussbaumer, T., Schweizer, B.; Mohr, M.; Figi, R., Aerosols from 
Biomass Combustion, International Seminar, 27 June 2001, ETH Zürich, 

Verenum press, ISBN 3-908705-00-2, 59–64]"

[Kaufmann&Nussbaumer 1998]"

Particle mass distribution from an automated wood boiler"

KCl"
K2SO4"
"

measured by cascade impactor"

0.1 m"

CaCO3"



Verenum	

 G a s    p h a s e   p o l l u t a n t s "              S o l i d  P a r t i c l e s              Droplets"

CxHyOz "
H2O"

K, Na, Ca, S, Cl, ..."

(wet biomass) "

CaCO3 "

u > 0.1 m/s"
evaporation 
entrainment"

Ash  
CaCO3"

> 1–10 µm"

+O2"

CO2"CO"

T > 300°C + O2"
C"

CmHn"
+O2"

+CO2"

CO"

H2O"

T >100°C"

+O2"
   T > 800°C"

VOC"COC"

 τ >"

primary 
Tar"

τ <"

O2 = 0"

T < 700°C"

secondary 
Tars"

700°–850°C"

PAH"

T > 850°C" T < 850°C"

–H2 "

Soot"

< 100 nm"
+O2" +O2"

evaporation"

nucleation"

coagulation"

KCl, K2SO4  
oxides"

< 100 nm"

T > 800°"

condensation"

K+, Na+, Cl–, SO4
2–, 

OH–, CO3
2–, NO3

– "

Zn, Mg, Fe, Al oxides"

waste: Cu, Cr, Pb (Cd) "

Salts"

u > 0.1 m/s"

Products from Complete Combustion" Products from Incomplete Combustion 	

[Bäfver, L. et al, Biomass and Bioenergy 35 (2011) 3648–3655]"

Particle mass distribution from a pellet stove"

measured by low-pressure impactor DLPI"



Verenum	

 G a s    p h a s e   p o l l u t a n t s "              S o l i d  P a r t i c l e s              Droplets"

CxHyOz "
H2O"

K, Na, Ca, S, Cl, ..."

(wet biomass) "

CaCO3 "

u > 0.1 m/s"
evaporation 
entrainment"

Ash  
CaCO3"

> 1–10 µm"

+O2"

CO2"CO"

T > 300°C + O2"
C"

CmHn"
+O2"

+CO2"

CO"

H2O"

T >100°C"

+O2"
   T > 800°C"

VOC"COC"

 τ >"

primary 
Tar"

τ <"

O2 = 0"

T < 700°C"

secondary 
Tars"

700°–850°C"

PAH"

T > 850°C" T < 850°C"

–H2 "

Soot"

< 100 nm"
+O2" +O2"

evaporation"

nucleation"

coagulation"

KCl, K2SO4  
oxides"

< 100 nm"

T > 800°"

condensation"

K+, Na+, Cl–, SO4
2–, 

OH–, CO3
2–, NO3

– "

Zn, Mg, Fe, Al oxides"

waste: Cu, Cr, Pb (Cd) "

Salts"

u > 0.1 m/s"

Products from Complete Combustion" Products from Incomplete Combustion 	
Particle number distribution: Influence of combustion type"

by SMPS"

[Klippel, N.; Nussbaumer, T., 15th Europ. Biomass Conf., Berlin 7–11 May 2007, W1612]!



Verenum	

 G a s    p h a s e   p o l l u t a n t s "              S o l i d  P a r t i c l e s              Droplets"

CxHyOz "
H2O"

K, Na, Ca, S, Cl, ..."

(wet biomass) "

CaCO3 "

u > 0.1 m/s"
evaporation 
entrainment"

Ash  
CaCO3"

> 1–10 µm"

+O2"

CO2"CO"

T > 300°C + O2"
C"

CmHn"
+O2"

+CO2"

CO"

H2O"

T >100°C"

+O2"
   T > 800°C"

VOC"COC"

 τ >"

primary 
Tar"

τ <"

O2 = 0"

T < 700°C"

secondary 
Tars"

700°–850°C"

PAH"

T > 850°C" T < 850°C"

–H2 "

Soot"

< 100 nm"
+O2" +O2"

evaporation"

nucleation"

coagulation"

KCl, K2SO4  
oxides"

< 100 nm"

T > 800°"

condensation"

K+, Na+, Cl–, SO4
2–, 

OH–, CO3
2–, NO3

– "

Zn, Mg, Fe, Al oxides"

waste: Cu, Cr, Pb (Cd) "

Salts"

u > 0.1 m/s"

Products from Complete Combustion" Products from Incomplete Combustion 	

[Oser, M. et al., SFOE, Verenum & EMPA, Zürich 2000]"

Particle number distribution: Influence of combustion type"

1.0E+1

1.0E+2

1.0E+3

1.0E+4

1.0E+5

1.0E+6

1.0E+7

1.0E+8

1.0E+9

0.01 0.1 1 10 100

D/!m

d
N

/d
lo

g
 D

 [
c
m

-3
]

autom. boiler"
100 mg/m3   

 
95% salts 

log wood stove 
50 mg/m3   
at 13% O2   

by SMPS and OAS"

[Klippel, N.; Nussbaumer, T., 15th Europ. Biomass Conf., Berlin 7–11 May 2007, W1612]!



Verenum	

 G a s    p h a s e   p o l l u t a n t s "              S o l i d  P a r t i c l e s              Droplets"

CxHyOz "
H2O"

K, Na, Ca, S, Cl, ..."

(wet biomass) "

CaCO3 "

u > 0.1 m/s"
evaporation 
entrainment"

Ash  
CaCO3"

> 1–10 µm"

+O2"

CO2"CO"

T > 300°C + O2"
C"

CmHn"
+O2"

+CO2"

CO"

H2O"

T >100°C"

+O2"
   T > 800°C"

VOC"COC"

 τ >"

primary 
Tar"

τ <"

O2 = 0"

T < 700°C"

secondary 
Tars"

700°–850°C"

PAH"

T > 850°C" T < 850°C"

–H2 "

Soot"

< 100 nm"
+O2" +O2"

evaporation"

nucleation"

coagulation"

KCl, K2SO4  
oxides"

< 100 nm"

T > 800°"

condensation"

K+, Na+, Cl–, SO4
2–, 

OH–, CO3
2–, NO3

– "

Zn, Mg, Fe, Al oxides"

waste: Cu, Cr, Pb (Cd) "

Salts"

u > 0.1 m/s"

Products from Complete Combustion" Products from Incomplete Combustion 	

1.0E+0

1.0E+1

1.0E+2

1.0E+3

1.0E+4

1.0E+5

1.0E+6

1.0E+7

1.0E+8

1.0E+9

0.01 0.1 1 10
D [µm]

d
N

/d
lo

g
 D

 [
cm

-3
]

optimaler Betrieb

normaler Ofen mit feuchtem Holz

Betrieb unter sehr schlechten Bedingungen

 20 mg/m3 500 mg/m3

≥ 5000 mg/m3

 

optimum conditions"
"
wet wood"

air throttling with lack of oxygen      "

Particle number distribution: Influence of operation in wood stove"

[Klippel, N.; Nussbaumer, T., 15th Europ. Biomass Conf., Berlin 7–11 May 2007, W1612]!



Verenum	

CaCO3  

u > 0.1 m/s 

Ash 
CaCO3 

> 1–10 µm 

Evaporation 
Entrainment 

 G  a  s       p  h  a  s  e       p  o  l  l  u  t  a  n  t  s     S o l i d    P a r t i c u l a t e    M a t t e r 
Droplets  Gas  

CxHyOz  

H2O 

  K, Na, Ca, S, Cl, N 

H2O 

T > 100°C 

Devolatilisation  Pyrolysis C 
(Char) 

CO, H2 
CmHn 

T > 300°C + O2 

+O2 
+CO2 

Gasification 

CO 

VOC COC 

 τ > 

Primary 
Tars 

τ < 

O2 = 0 

T > 550°C 

+O2 

   T > 800°C 

+O2 

CO2 CO 

Gas phase  
combustion 

S
ol

id
 fu

el
 c

on
ve

rs
io

n 
 

in
 fu

el
 b

ed
 

by
 p

rim
ar

y 
ai

r 

C
on

se
cu

tiv
e 

re
ac

tio
ns

  
in

 c
om

bu
st

io
n 

ch
am

be
r 

by
 s

ec
on

da
ry

 a
ir 

C
hi

m
ne

y "

NOX 

Secondary 
Tars 

>700°C 

PAH 

T > 800°C T < 800°C 
O2 = 0 

–H2  

Soot 

< 100 nm 

+O2 +O2 

Evaporation 

Nucleation 

Coagulation 

KCl, K2SO4  
oxides 

< 100 nm 

T > 800° 

Condensation 

K+, Na+, Cl–, SO4
2–, 

OH–, CO3
2–, NO3

–  

Zn-, Mg-, Fe-, Al-oxides 
Waste: Cu, Cr, Pb, (Cd)  

Salts 

1  2  

COC: Condensable Organic Compounds 
VOC: Volatile Organic Compounds 
 

Biomass 
+ Char 

u > 0.1 m/s 

> 10 µm 

C
hi

m
ne

y "

COC: Condensable Organic Compounds 
VOC: Volatile Organic Compounds 
 

EC/BC: Elemental Carbon/Black Carbon 
POA: Primary Organic Aerosol 
SOA: Secondary Organic Aerosol 
 

PIA: Primary Inorganic Aerosol 
SIA: Secondary Inorganic Aerosol 
 

1.0E+0

1.0E+1

1.0E+2

1.0E+3

1.0E+4

1.0E+5

1.0E+6

1.0E+7

1.0E+8

1.0E+9

0.01 0.1 1 10
D [µm]

d
N

/d
lo

g
 D

 [
cm

-3
]

optimaler Betrieb

normaler Ofen mit feuchtem Holz

Betrieb unter sehr schlechten Bedingungen

 20 mg/m3 500 mg/m3

≥ 5000 mg/m3

 

[Klippel, N.; Nussbaumer, T., 15th Europ. Biomass Conf., Berlin 7–11 May 2007, W1612]!



Verenum	

CaCO3  

u > 0.1 m/s 

Ash 
CaCO3 

> 1–10 µm 

Evaporation 
Entrainment 

 G  a  s       p  h  a  s  e       p  o  l  l  u  t  a  n  t  s     S o l i d    P a r t i c u l a t e    M a t t e r 
Droplets  Gas  

CxHyOz  

H2O 

  K, Na, Ca, S, Cl, N 

H2O 

T > 100°C 

Devolatilisation  Pyrolysis C 
(Char) 

CO, H2 
CmHn 

T > 300°C + O2 

+O2 
+CO2 

Gasification 

CO 

VOC COC 

 τ > 

Primary 
Tars 

τ < 

O2 = 0 

T > 550°C 

+O2 

   T > 800°C 

+O2 

CO2 CO 

Gas phase  
combustion 

S
ol

id
 fu

el
 c

on
ve

rs
io

n 
 

in
 fu

el
 b

ed
 

by
 p

rim
ar

y 
ai

r 

C
on

se
cu

tiv
e 

re
ac

tio
ns

  
in

 c
om

bu
st

io
n 

ch
am

be
r 

by
 s

ec
on

da
ry

 a
ir 

C
hi

m
ne

y "

NOX 

Secondary 
Tars 

>700°C 

PAH 

T > 800°C T < 800°C 
O2 = 0 

–H2  

Soot 

< 100 nm 

+O2 +O2 

Evaporation 

Nucleation 

Coagulation 

KCl, K2SO4  
oxides 

< 100 nm 

T > 800° 

Condensation 

K+, Na+, Cl–, SO4
2–, 

OH–, CO3
2–, NO3

–  

Zn-, Mg-, Fe-, Al-oxides 
Waste: Cu, Cr, Pb, (Cd)  

Salts 

u Gas velocity, τ Residence time, </> short/long 
1 Solid-particle-path, 2 Solid-vapour-particle-path 

1  2  

COC: Condensable Organic Compounds 
VOC: Volatile Organic Compounds 
 

T: [Evans and Milne, 1987], H2: [Jess, 1996] 

Biomass 
+ Char 

u > 0.1 m/s 

> 10 µm 

C
hi

m
ne

y "

COC: Condensable Organic Compounds 
VOC: Volatile Organic Compounds 
 

EC/BC: Elemental Carbon/Black Carbon 
POA: Primary Organic Aerosol 
SOA: Secondary Organic Aerosol 
 

PIA: Primary Inorganic Aerosol 
SIA: Secondary Inorganic Aerosol 
 

 G a s    p h a s e   p o l l u t a n t s "

+O2"

CO2"CO"

T > 300°C + O2"
C"

CmHn"
+O2"

+CO2"

CO"

H2O"

T >100°C"

+O2"
   T > 800°C"

VOC"COC"

 τ >"

primary 
Tar"

τ <"

O2 = 0"

T < 700°C"
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Influence of combustion phase in wood stove"

[Bäfver, L. et al, Biomass and Bioenergy 35 (2011) 3648–3655]"
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"
"
+ suited for ESP"
 "
– critical for filter 
and catalysts"
"
– cannot by re-
moved by burning"
"
"
"
"

– C causes fire risk 
   while removal by  burning is      
   not possible due to salts"
"
– COC causes "
      - clogging of filter  
      - back-corona in ESP"
"
– Soot causes re-entrainment  
   in ESP "
"
– residues and condensates  
   contain OC"

"
"
+ suited for "
   catalysts"
"
"
– unsuited for "
   filtration "
"
"
"
"
"

 Consequences for secondary measures:  catalysts, filtration, electrostatic precipitation (ESP), wet cleaning"
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Start-up of wood stoves: Ignition from the top"

www.holzenergie.ch"
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1-stage Combustion"

Problem 2: 
Mixing air + gas"

Problem 3: 
Air leakage"

Problem 5: 
Quenching"

Problem 4: 
Flame cooling"

Problem 1: 
Air/fuel ratio"
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2-stage Combustion"

Hoval"

Premixed flame"

[Nussbaumer, Energy & Fuels, Vol. 17, No 6, 2003, 1510–1521, 17]"
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Under Stoker Boiler"

4

P2P1 P3

  20 kW ... 2000 kW" 200 kW ... 10 MW"

Moving grate Furnace"

[Nussbaumer, T., Energy & Fuels, Vol. 17, No 6, 2003, 1510–1521, 17]"
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Example of 6.4 MW District heating plant"

Graph by Schmid AG, plant in Wilderswil (Interlaken)"
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Fluidized Bed Combustion"
stationary"

5 – 100 MW"

[Lurgi]"

circulating"
20 – 100 MW"

[Ahlstom]"

"
– High turbulence"

"
– Air staging"

"
– Circulation of inert"

bed material "
(sand, ash)"

"
Temperature control"
by heat extraction"
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[Kolbitsch, P., 13. Holzenergie-Symposium, ETH 2014]"

Example of 42 MW FB boiler heating ETH Zürich"

ERZ Zürich Aubrugg "
42 MW / 11 MWe / 15 t wood per hour"

"

[Bertsch]	
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Conclusions 1. Particle formation 
  Conclusion 1:  Biomass combustion causes three types of atm. PM10: 

       1. Inorganic particles (salts) as primary PM from complete combustion 

       2. Soot, COC (and C) as primary PM from incomplete combustion 

       3. SOA from VOC  

Conclusion 2:  Inorganic particles are relevant for automated boilers 

     –  salts can be effectively reduced by precipitation incl. ESP  

     –  a limited decrease is possible by reduction of temp. and gas velocity 

Conclusion 3:  PIC are relevant for manual combustion  

 Type and concentration depend on oxygen and temperature:  

 – VOC and COC result from low temperature 
 – soot is formed at high temperature and local lack of oxygen, 
 – insufficient gas mixing increases all PIC 
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Conclusions 1. Particle formation 
 

Conclusion 4:  Improved design applies two-stage combustion: 

 – solid fuel conversion with primary air  
 – consecutive oxidation in a hot chamber with secondary air 
 – improved mixing assisted by forced ventilation 

Conclusion 5:  Appropriate operation is crucial, e.g.: 

 – stoves need be ignited from top and operated appriopriately 
 – boilers need a heat storage tank to avoid throttling 
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