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VOCsVOCs, , PAHsPAHs, soot, tar, CO, soot, tar, CO
•• DefinitionsDefinitions

•• Volatile organic compounds (Volatile organic compounds (VOCsVOCs) and ground-level ozone) and ground-level ozone

•• Control of Control of VOCsVOCs

•• Formation and control of Formation and control of polycyclic polycyclic aromatic compounds (aromatic compounds (PAHsPAHs))

•• Formation and control of sootFormation and control of soot

•• Formation and control of tar (from Formation and control of tar (from biomass gasificationbiomass gasification))

•• COCO

see: www.hut.fi/~see: www.hut.fi/~rzevenhorzevenho//gasbookgasbook
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Definitions of Definitions of VOCsVOCs, , PAHsPAHs, tar, soot, , tar, soot, etc.etc.

VOC volatile organic compound: “all organic compounds of
antropogenic nature, other than methane, that are capable of
producing photochemical oxidants by reactions with nitrogen

oxides in the presence of sunlight” (McConville, 1997) 
PAH polycyclic aromatic hydrocarbon

tar condensible organic compounds

soot carbonaceous particles produced from gaseous fuel or from
volatilised solid or liquid fuel components during combustion

THC, TOC total hydrocarbon, total organic carbon
HAP (USA) hazardous air pollutant

POHC
(USA)

principle organic hazardous constituents, selected
on the basis of difficulties with their incineration

(LaGrega et al., 1994)
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VOCs VOCs of interestof interest
for thermal powerfor thermal power

industryindustry

(based on 1990 US Clean(based on 1990 US Clean
Air Act)Air Act)
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Emission standards: CO and THC, TOCEmission standards: CO and THC, TOC

Power
plant

Finland
(1990+)

MSW
incinerator

Finland
(1994)

MSW
incinerator

EU
(2000)

Power
plant

Germany
(1999)

MSW
incinerator
Germany

(1999)

Hazardou
s waste

incinerator
EU (1996)

Waste
incinerator

USA
(1995)

CO no limit 50 50 250 50 50 76.31

THC no limit 10 10 20 10 10 no limit

(mg/m³STP @ 11 % O2, dry)
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VOCs VOCs and ground-level ozone in Europeand ground-level ozone in Europe

VOC emissions (VOC emissions (inclincl. methane). methane)
 in Europe, 1994 (tonnes) in Europe, 1994 (tonnes)

Ground-level ozone in Europe, Ground-level ozone in Europe, 
1994 (1994 (ppbppb-h above 40 -h above 40 ppbppb))
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VOC emissions from waste incineration plants,VOC emissions from waste incineration plants,
in mg/m³ at 10% COin mg/m³ at 10% CO22

benzene toluene phenol m-xylene 1,3,5
trimethyl
benzene

2-ethyl
hexanol

naphta-
lene

total
VOC

Grate* 6.05 2.18 24.85 0.34 2.92 40.43 0.23 387

CFB 0.79 1.65 7.58 0.58 2.69 22.02 - 120
* Averaged over 3 facilities
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Lower andLower and
upperupper

flammabilityflammability
limitslimits

(LFL & UFL)(LFL & UFL)
for organicfor organic

gaseousgaseous
compoundscompounds
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Options for VOC control, and comparisonOptions for VOC control, and comparison

11 cfm cfm = 1 cubic feet / min, 1  = 1 cubic feet / min, 1 mmSTPSTP³³/min = 35.3 /min = 35.3 scfmscfm
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Thermal VOC incinerator with heat recuperationThermal VOC incinerator with heat recuperation

150150EEEEF=66F=66EEEEC, 600C, 600EEEEF=316F=316EEEEC, 1000C, 1000EEEEF =538F =538EEEEC, 1300C, 1300EEEEF=704F=704EEEECC
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VOCs VOCs removal by active carbon beds #1removal by active carbon beds #1
STEAG a/c/t™ systemSTEAG a/c/t™ system
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VOCs VOCs removal by active carbon beds #2 :removal by active carbon beds #2 :
breakthrough curvebreakthrough curve
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Flare tip Flare tip combustorcombustor

for concentratedfor concentrated

VOCsVOCs
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PolycyclicPolycyclic

aromaticaromatic

hydrocarbonshydrocarbons

((PAHsPAHs))

Molecular
formula

Molar mass
(g/mol)

Boiling point
(EEC)

Structure

Naphtalene C10H8 128 218

Anthracene C14H10 178 342

Fenanthrene C14H10 178 340

Pyrene C16H10 202 393

Fluoranthene C16H10 202 375

Benzo(a)pyrene C20H12 252 493
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PAH formation during coal PAH formation during coal pyrolysispyrolysis

coal coal pyrolysis pyrolysis in nitrogen, 0.3 sec.in nitrogen, 0.3 sec.
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PAH andPAH and BaP BaP emissions from various furnaces: emissions from various furnaces:
larger furnaces give larger furnaces give less less PAHsPAHs

Small wood
stove

Small solid
fuel furnace

Small
residential

furnace

Heating
furnace
 1-5 MW

Heat and
power units

> 5 MW

PAHs
(µg/MJ)

100-1000 1000-3000
(batch)
< 1000

(continuous)

< 1000 2-10 
(solid fuel)

< 5 
(oil, gas)

< 10 
( 5 -50 MW)

< 5
(> 50 MW)

BaP
(µg/MJ)

< 20 < 0.1 < 0.01
(> 50 MW)
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Effect of fuel type and furnace typeEffect of fuel type and furnace type
on PAH emissionson PAH emissions

Methyl
anthracene

and/or
fenanthrene

(µg/MJ)

Fluoranthene

(µg/MJ)

Pyrene

(µg/MJ)

Fenanthrene 
and/or

anthracene

(µg/MJ)
Pyrolysis

- Montana lignite
- High vol. bit. coal 5890

1720
6320

2710
11680

10950
1900

Grate firing 200 kW
- High vol. bit. coal

- Sub-bit. coal
3160
370

3120
96

2120
132

5160
720

Pulverised coal
combustion

0.005 0.0007 0.004 0.076
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Gas phase and particulate phase PAHGas phase and particulate phase PAH
from wood and peat firingfrom wood and peat firing

Particulate-
bound PAH

(µg/mg solid)

Particulate-
bound PAH
(µg/m³STPSTP)

Gas phase
PAH

(µg/kg gas)

Gas phase
PAH

(µg/m³STPSTP)

Particulate
concentration

(µg/m³STPSTP)
10 MW saw
waste, grate 0.002-0.004 0.45-13.1 4.5-7.4 5.8-9.6 188-316

7 MW peat,
grate 0.0001-0.00015 0.09-0.15 1-2 1.3-2.6 600-1467

5 MW peat,
gasification 0.13-1.9 16-90 0.85-32 1.1-41.5 28-144

65 MW peat,
FBC 0.009-0.15 0.31-3.2 19.5-140.7 25.3-183 7.6-52

25 MW peat,
Stoker 0.4-4.5 15.7-359 267-707 316-919 40-80

25 MW wood,
batch 4.3-11.5 518-923 5044-9003 6557-11704 80-120

P
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PAH emissions controlPAH emissions control
• Thermal oxidation 

(problem : low concentration)

• Catalytic oxidation  
(problem : low concentration, catalyst fouling)

• Catalytic cracking 
(problem : catalyst fouling)

• Adsorption on activated carbon bed 
(the saturated/spent bed can be incinerated !!)
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SootSoot

↑↑↑↑ Routes for soot formation Routes for soot formation

Diesel engine exhaust soot Diesel engine exhaust soot →→→→

CCnnHHmm + yO + yO2 2 →→→→

2y CO + ½m H2y CO + ½m H22 + (m-2y) C(s) + (m-2y) C(s)

     with m > 2y     with m > 2y
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Soot emissions controlSoot emissions control
See See PAHsPAHs  : thermal or catalytic oxidation, catalytic: thermal or catalytic oxidation, catalytic

cracking, adsorption on activated carbon bed,cracking, adsorption on activated carbon bed,
soot-reducing agents (Fe,soot-reducing agents (Fe, Ni Ni, Co, , Co, MnMn))

Diesel exhaust gasDiesel exhaust gas
Continuously RegeneratingContinuously Regenerating

 Trap (CRT) : Trap (CRT) :

NO + ½ONO + ½O22  →→→→ NO NO22

NONO22 + C(s)  + C(s) →→→→  ½½NN22 + CO + CO22
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TARTAR
from FB from FB gasificationgasification

HELSINKI UNIVERSITY OF TECHNOLOGY ENE-47.153

Cracking of tar from FB Cracking of tar from FB biomass gasificationbiomass gasification

Inlet ~42 g/m3n

ðð =  = SiCSiC, , •• = Fe-dolomite,  = Fe-dolomite, ∆∆ = Fe-sinter, = Fe-sinter,
ΟΟ = limestone,  = limestone, nn =  = NiNi-1301-1301

Thermal cracking Thermal cracking 
CCnnHHmm <=> <=> nC nC+ ½m H+ ½m H22

Steam reformingSteam reforming
CCnnHHmm + x H + x H22O <=> O <=> 

n CO + (x+½m) Hn CO + (x+½m) H22
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CO oxidationCO oxidation
•• CO emissions result of low temperature zonesCO emissions result of low temperature zones

(“frozen” CO oxidation), sub-(“frozen” CO oxidation), sub-stoichiometrystoichiometry, or, or
bad mixing (sensitive to “bad mixing (sensitive to “unmixednessunmixedness” due to non-” due to non-
first order kinetics)first order kinetics)

•• Note: CO is oxidised via CO + OH Note: CO is oxidised via CO + OH →→→→ CO CO22 + H + H

•• thermal oxidation (if concentration allows),or catalyticthermal oxidation (if concentration allows),or catalytic
oxidation (Pt, Pd,oxidation (Pt, Pd, Rh Rh))

•• HH22O + CO <=> COO + CO <=> CO22 + H + H22 ( (e.g.e.g. for fuel cells) for fuel cells)


