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1. Introduction
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•Primary

and

secondary

emissions

declined by

45%

• SO2 and

NOx remain

important

contributors

to total

PM10

formation

Emissions of primary and secondary PM10 
(1990-2004) in Europe
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•Outdoor versus Indoor

Ç sources: buiding materials; heat production (cooking);

– furniture; tobacco;  consumer products; chemicals from

– biological origin (mycotoxins) …

Ç influx from outdoor

Ç concentrations higher

Ç various chemicals: PAHs

–Formaldehyde, nicotine, …



Flow measurement
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T 

[°C]

p

[kPa]

0 0,60

10 1,21

20 2,32

30 4,22

40 7,36

50 12,33

60 19,92

70 31,17

80 47,36

90 70,11

100 101,32

DATA: volumetric flow 10000 m3/h
temperature: 65 °C
conc. 15 mg/m3

r.h. 100 %

Regulation: mass threshold: 100 g/h
max. Conc. emission 20 g/m3

Does this emission complies regulation?
What would be the max rh in order to comply.

AIR: compressibility: DRY
Standard conditions (273 K; 101.3 kPa)



Particulate Matter PMx (um)
ü health (1% increase in mortality per 10 μg m-3)
ü acid deposition
ü visibility degradation
ü radiation
ü photochemistry
ü cloud microphysics changes (and thus climate changes)
ü the Antarctic ozone hole.
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Aerodynamic diameter is a 
physical property of a 

particle in a viscous fluid 
such as air

Aitken nuclei

Accumulation mode

Coarse mode
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2. Atmospheric dispersion
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Assumptions for Model Development

Steady-State

Conditions

Mass

Conservation

Boundary

Conditions

Constant emission

rate
No deposition

No lower bounding

surface (earth’s

surface)

Constant wind

speed and direction

No chemical

transformation

No upper bounding

surface (elevated

inversion)

No radioactive

decay
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Factors in Modeling a Continuous Source

)Dispersion(DilutionRateEmissionionConcentrat

Source 
parameter

meteo thermal, 
mechanical 
roughness
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Basic Dispersion Equation
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Dispersion Equation Including Source 

Height, h
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Dispersion Equation Accounting for a 

Reflecting Lower Barrier
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Class S > 0 S < 0 u (m s-1)

E1 2.75 11

E2 1.75  <  <  2.75 11

E3 1.75 2 11
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class A a B b

E1 0,235 0,796 0,311 0,711

E2 0,297 0,796 0,382 0,711

E3 0,418 0,796 0,520 0,711

E4 0,586 0,796 0,700 0,711

E5 0,826 0,796 0,95 0,711

E6 0,946 0,796 1,321 0,711

E7 1,073 0,698 0,819 0,669

Bultynck-Malet classes a

y xA
b

z xB
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s

ass

T

TT
dP

u

du
hH ...1068.25.1

. 3

H =  effective height of plume (m)
h  = stack height (m)
us = stack exit velocity (m/s)
u = wind velocity (m/s)
d =  diameter (m)
P = pressure (mbar)
Ts= gas temperature at exit of stack (K)
Ta= ambient air temperature at stack height (K)



10/11/2010 AWGT/HVL 2010 26

Building downwash
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OVERVIEW

ÇBasic principles: bi-Gaussian; dispersion parameters;  

Ç For 1 set of meteorological conditions

Ç Applicable for evaluation of annual average situations
Á emission data
Ámeteorological data: - wind direction

- wind speed
- stability class

Ç calculation of averages; percentiles …
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3. VOC removal

3.1. Introduction

3.2. Phase-transfer removal technology

3.3. Thermal/chemical removal technology

3.4. Biological removal technology



10/11/2010 AWGT/HVL 2010 30

3.1. Introduction

VOCs:
- USA: 
“organic compounds that have a vapour pressure more than 13.3 
Pa at 25 °C (ASTN test method D3960–90)

- European Union:
“organic compounds with a vapour pressure above 10 Pa at 20 °C 
(European VOC Solvents Directive 1999/13/EC)

-Australian National Pollutant Inventory:
“chemical compound based on carbon chains or rings (and also 
containing hydrogen) with a vapour pressure greater than 2 mm 
of mercury (0.27kPa) at 25 C, excluding methane”
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VOC removal from waste gases:

(1) Selective removal by phase transfer:

gas changes into liquid: condensation

gas transferred to liquid: absorption

gas transferred to a solid surface: adsorption

gas transfer through a membrane

(2) Removal by VOC oxidation :

CxHy + (x+ 0.25 y) O2 --->  x CO2 + 0.5y H2O

- Types of oxidation:

- chemical/thermal

- biological

- Site of oxidation:

- in gas phase: without phase transfer

- in another phase: after phase transfer
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3.2. Phase transfer removal technology

4 technologies : - condensation

- absorption

- adsorption

- membrane separation

Choice of technology determined by:

-Technical aspects:
- nature of VOC

- concentration VOC
- flow rate of waste gas
- temperature and pressure of waste gas

- Economics
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Selection of VOC abatement technique depending on
air flow rate and pollutant concentration
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Condensation

Principle: cooling until VOCs are condensing:

Efficiency depends on:

- vapour pressure of compounds (‘condensability’)
- concentration or partial pressure of compounds
- temperature
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Two processes:

- indirect condensation:

- Condensation of VOCs on a cooled surface
- no direct contact with cooling agent
- advantage: liquid product (condensate) is only VOCs

- direct condensation:

- Condensation of VOCs through contact with cooling agent
- gas and cooling agent in countercurrent
- disadvantage: need of separation after process
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Absorption:

Principle: selective transfer of VOCs into a liquid (absorbent)

Absorption = scrubbing = gas to liquid transfer

Two variants:
- Physical absorption or scrubbing: no chemical reaction
- Chemical absorption or scrubbing: with chemical reaction

in liquid
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Absorption operation:

- absorber: countercurrent gas/liquid contact
gas to liquid transfer of VOCs

- in combination with desorption:
regeneration of the solvent = absorbens:
separation of VOCs from the absorbens
recovery of VOCs
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Choice of absorbent depends on:
- solubility of VOCs in absorbent (+ vapour pressure-> Henry)
- potential to separate from VOCs in regeneration step

(difference in vapour pressure) 
- low viscosity
- general criteria:

Availability
Price
Safety
Non-toxicity
Non-corrosivity
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Multi stage chemical scrubber

Acid / Oxidant / Alkaline

Ex. Rendering plant

Amine removal Safety back up

Increasing water solubility apolar compounds
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Adsorption:

Principle: selective transfer of VOCs onto an active surface
= gas to solid phase transfer

Physical process (0.5 kJ/mol, reversible)
Chemical process (50 kJ/mol, irreversible)

Typical (ad)sorbents:
- Activated carbon (AC)
- Zeolites



Sorbent Materials

•Activated Carbon

•Activated Alumina

•Silica Gel

•Molecular Sieves (zeolite)
Polar and Non-polar adsorbents

Q: If an activated carbon granule is a solid particle with1 mm diameter, what is the specific surface 
area ( = 0.7 g/cm3)?

Properties of Activated Carbon

Bulk Density 350-550 kg/m3

Heat Capacity 1.1-1.5 kJ/kg/K

Pore Volume 0.56-1.20 cm3/g

Surface Area 600-1600 m2/g

Average Pore Diameter 15-25 Å

Regeneration Temperature 

(Steaming)

100-140 oC

Maximum Allowable  

Temperature

150 oC



OH OH

heating

H2OH2O

hydrophilic

OH OH O

H2O

What if it is heated over 250 oC?

Properties of Silica Gel

Bulk Density 700-890 kg/m3

Heat Capacity 0.9-1.1 kJ/kg/K

Pore Volume 0.37 cm3/g

Surface Area 750 m2/g

Average Pore Diameter 22 Å

Regeneration Temperature 120-250 oC

Maximum Allowable Temperature 400 oC
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• Crystalline zeolite

• Uniform pores to selectively separate compounds by size & shape

Properties of Activated Alumina
Bulk Density

Granules 600-670 kg/m3

Pellets 860-930 kg/m3

Specific Heat 0.88-1.05 kJ/kg/K

Pore Volume 0.29-0.37 cm3/g
Surface Area 210-360 m2/g

Average Pore Diameter 18-48 Å

Regeneration Temperature (Steaming) 200-250 oC

Maximum Allowable Temperature 500 oC

Properties of Molecular Sieves
Anhydrous Sodium 

Aluminosilicate

Anhydrous Calcium 

Aluminosilicate

Anhydrous 

Aluminosilicate

Type 4A 5A 13X

Density in bulk (kg/m3) 44 44 38

Specific Heat (kJ/kg/K) 0.8 0.8 -

Effective diameter of pores (Å) 4 5 13

Regeneration Temperature (oC) 200-300 200-300 200-300

Maximum Allowable Temperature (oC) 600 600 600

http://mm04.nasaimages.org/MediaManager/srvr?mediafile=/Size4/nasaNAS-9-NA/60481/0300114.jpg&userid=1&username=admin&resolution=4&servertype=JVA&cid=9&iid=nasaNAS&vcid=NA&usergroup=Marshall_-_nasa-9-Admin&profileid=41
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Desorption of adsorbent through:

- Steam (vapour) desorption (120-140°C)
to be followed by VOC/water separation

- Hot gas desorption (150-350°C)
inert gas: e.g. nitrogen

- Vacuum desorption
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Choice of adsorbent:

- Adsorption potential for VOCs (surface/volume)

-Selectivity for VOCs

-Good desorption characteristics

-Low pressure drop

-High stability
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Membrane Separation:

Principle: selective transfer of VOCs through a barrier
= gas permeation

Relative new technique

VOC loaded gas

Cleaned gas (Retentate)

VOCs (Permeate)
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Way of operation:

- Pressure difference:
- Pressure at the feed side
- Vacuum at the permeate side

- Membranes:
-Thin polymer films free of pores: 

silicon rubbers (1-3µm) on a support with high porosity:
Composite membranes
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-In combination with:
-Recovery: condensation of the permeate
-Oxidation: incineration of the permeate
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3.3. Thermal/chemical removal technology

- Thermal incineration: 

- no catalyst - no heat regeneration

- Regenerative thermal incineration:

- no catalyst - heat regeneration

- Catalytic incineration:

- catalyst - no heat regeneration

- Catalytic regenerative incineration:

- catalyst - heat regeneration
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Principle: VOCs with additional fuel (and oxygen) into
combustion chamber at 700-1000°C 

Usually with heat recovery from the combustion waste gas
(300-400°C):

- primary heat recovery: 
recovered heat for preheating of gas to be treated

- secondary heat recovery:
recovered heat for other purposes: e.g. steam

- Thermal incineration:
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Parameters to be considered:

-Temperature
- Too low: CO instead of CO2

- Too high: NOx production
- Waste gas flow rate
- Concentration and type of VOCs:

-Heat content determines amount of additional fuel
- Homogenity in combustion chamber: 

-concentration and temperature distributions
- Residence time in combustion chamber
- Oxygen content in waste gas (addition necessary?)
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Waste air inClean air out

Burner air in

Fuel in
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Principle: similar as with thermal incineration but with

heat regeneration

Thermal incineration can use heat exchangers: 

thermal incineration with heat recuperation

energy utilisation: 60-70%

Regenerative incineration uses beds to accumulate

and restore heat (heat accumulators)

e.g. ceramics

energy utilisation: 90-95%

- Regenerative thermal incineration:
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Principle: VOCs oxidized in the presence of a catalyst
at 200-400°C 

Main differences with thermal incineration:
- lower temperatures
- shorter residence times
- presence of a catalyst

- Catalytic incineration:
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3.4. Biological removal technology

Principle: 

step 1: transfer from gas to microbiology

(bacteria, fungi, yeast)

step 2: micro-organisms use VOC as feed

= oxidation van de VOC

Types of biological removal technology:
1. Biofilters
2. Bioscrubbers
3. Biotrickling filters
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Elements of the filter:
- carrier material: peat, compost, , …
- biofilm: living micro-organisms on
- gas phase: void volume
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Process parameters:
- Temperature (20-42°C for biofilm)
- Gas to be handled: 

- Composition: biodegradability of VOCs
- Concentration of VOCs

- Load: 
flow rate per reactor volume: volumetric load
Residence time: 

- Water with nutrients: 
- humidity
- nutrients
- pH

- Biofilm: Type of micro-organisms (inocculation)
- Pressure drop
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2 stage process:

- Scrubbing: 
absorption of VOCs from waste gas into water

“scrubber”=“absorber”
- Oxidation:

oxidation of VOCs in water in a separate basin:
“active sludge basin”
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Parameters for scrubbing:
- type and concentration of VOCs
- air/water partitioning behaviour of VOC
- design of scrubber: mass tranfer efficiency

Parameters for basin:
- active organisms
- nutrients (N, P)
- pH

http://newsroom.ucr.edu/images/releases/580_1.jpg
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BTF22 BTF52

Nutrient 
medium

Temperature 
controller

Reactor Start-up

period (day)

EC (g m-3 h-1)

IBA PENT 

BTF25 16 97 53

BTF52 26 139 63

Performance of BTF25 and BTF52 (EBRT of 60 s) 

Bp 63 °C Bp 101 °C

Luvsanjamba, M. et al. (2007), J. Chemical Technology and Biotechnology, 82 (1), 74-80

Thermofiele reactor

http://en.wikipedia.org/wiki/File:2-Pentanone.svg
http://images.chemnet.com/suppliers/chembase/1800.gif
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BTF52

Lower biomass 
accumulation

- Higher elimination capacity 

- Stable long-term performance

Operational stability (IBA & 2-pentanone) 

Higher biomass 
accumulation

Fast pH drop

Foaming 

Clogging 

BTF25

Time (day)

85 86 87 88 89 90 91 92 93

Pr
es

su
re

 (
kP

a)

0.0

0.2

0.4

0.6

0.8

1.0

BTF25
BTF52

Thermofiele reactor
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-In between biofilter and bioscrubber:
-Cfr. Biofilter:

- Phase transfer and oxidation in 1 unit
- But: - recirculating liquid with nutrients

- most cases: synthetic support
-Cfr. Bioscrubber:

- Recirculating liquid
- But: - micro-organisms are fixed in filter

- phase transfer and oxidation in 1 unit
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4. Removal of NOx and SOx

4.1. SOx removal

Source of SOx: S-containing fuels

Solutions:
- S reduction in fuel (preventive)
- SOx removal in waste gas
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SOx removal in waste gas:

- Phase transfer to liquid: absorption
followed by reaction in liquid

- Phase transfer to liquid: adsorption
- without reaction on surface (physical)
- with reaction on surface (chemical)

- Reaction in gas phase
- oxidation: SOx into H2SO4

- reduction: SOx into S
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- Phase transfer to liquid: absorption
followed by reaction in liquid

SO2 (g) SO2 (aq)
absorption CaCO3

(lime stone)

CaSO4 (aq) 
+ CO2 (aq)

0.5 O2 (aq)
CaCO3

CaSO3 (aq) 
+ CO2 (aq)

(lime stone)
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CaSO4 (aq) 
+ CO2 (aq)

2 H2OCaSO3 (aq) 
+ CO2 (aq)

2 H2O

CaSO3 . 2H2O (s)  + CO2 (g)

CaSO4 . 2H2O (s)  + CO2 (g)
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In summary:
- SOx converted into gypsum (solid product)

- Requires : - absorber
- tank for lime stone addition
- tank to thicken the slurry

Comparable processes:
- Ca(OH)2

- NaOH
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- Phase transfer to solid surface: adsorption
-Without reaction on surface

Comparable to adsorption of VOC:
Phase transfer van gas naar een actief oppervlak:

- activated charcoal
- alkalized alumina

SO2 can be thermally desorbed: concentrated

- conversion as with lime stone based absorption but dry:

- high temperature: CaCO3 splits CaO and CO2

- products: CaSO3 and CaSO4 dry
- particle collection needed
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- Reaction in gas phase
- oxidation: SOx into SO4

2-

Step 1 : oxidation and formation of solids

SO2 (g) + H2O (g) + 2 NH3 (g) + 0.5 O2 (g)

(NH4)2SO4 (s)

Step 2 : captation of solid particles
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- Reaction in gas phase
- reduction: SOx into S

SO2 (g) + 2 H2S 3 S (g) + 2 H2O

Step 1 : reduction with catalyst

Fe2O3 (s)

Step 2 : condensation of S vapours: S (liq)S (g)
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NOx reduction by:

- circulation of combustion gases
- staged combustion
- SCR: selective catalytic reduction
- NSCR: non-selective catalytic reduction
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- Circulation of combustion gases

- cold
- low oxygen content

Results in thermal NOX reduction
Applicable for fuels with low N-content (natural gas)
Reduction up to 70-80% is possible
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Combustion in several stages:
gradual dosage of air (oxygen)

- first step(s): low O2 level, low temperature
- thermal NOx reduction
- no “fuel NOx “

- next step(s): more O2: 
- thermal NOx reduction
- formation of “fuel NOx “

- staged combustion
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• Low-NOx burner: inhibit NOx formation by controlling the mixing of 
fuel and air; lean excess air and off-stoichiometric combustion
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• Gas reburning: injection of natural gas into the boiler above the 
main burner to create a fuel-rich reburn
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- SCR: selective catalytic reduction = DENOX

4 NO + 4 NH3 + O2 4 N2 + 6 H2O

6 NO2 + 8 NH3 7 N2 + 12 H2O

- With catalyst: 
e.g. Vanadium/Wolfram 
oxides on TiO2

- Temperature: 300-400°C
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- NSCR: non-selective catalytic reduction

Similar to SCR, but
- no catalyst
- reductans can be ammonia or ureum
- temperature is higher:

ammonia: 900-1100°C
ureum: 550-1030°C
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5. Removal of particulate matter

Coarse Particles (PM10) 
(2.5<d<10µm)

Fine Particles (PM2.5) 
(d<2.5µm)

Composition

Origin

- driving automobiles 
- burning plants
- smelting (purifying) 
- and processing metals 

toxic organic compounds 
heavy metals 

crushing and grinding 
rocks and soil 

then blown by wind 

smoke, dirt and dust
from factories, farming, 
from roads 
mold, spores, and pollen 
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Removal technology:

- Gravitation chambers
- Cyclones
- Filters
- Electrostatic precipitators
- Scrubbers
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- Gravitation chambers

Horizontal flow settling chamber.

Howard settling chamber (multiple tray).
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- Gravitation chamber mainly used as a first pretreatment:

- Advantages:

- Simple
- Low pressure drop
- Low maintenance cost
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- Cyclones
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- Based on centrifugal force

- Efficiency depends on
- particle size
- particle density
- gas speed
- diameter of cyclone

- Larger pressure drop: higher operating cost
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Principle: sudden change in velocity

Application: very coarse particles (> 75 um)

Efficiency: low

Initial cost: inexpensive

Operating cost: low

Necessary space: large
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- Filters

Removal by
- Shaking
- blowing

Shaker
Frequency: 4 Hz
Amplitude: 5 – 8 cm
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Filter efficiency for individual mechanism 
and combined mechanisms

dp ( m)
0.01 0.1 1 10
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Impaction
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- Electrostatic precipitators : ‘wire and plate’ concept
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Glow discharge

Tuft glow
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Number of Charges vs dp

dp (um)

0.01 0.1 1 10

n 

10-2

10-1

100
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104

105

106

Diffusion charging
Field Charging

ELectrical Mobility vs dp

dp (um)

0.01 0.1 1 10

Z
 (

st
C

.s
/g

)

0.1

1

10 Diffusion charging
Field Charging
Combined Charging
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Operation:
- Electrodes produce electron current to positive plates

(electric field by high voltage: 50 000 V)
- Electrons collid with particles:

= creation of negatively charged particles
- Negatively charged particles move to positive plates

= collection of particles
- Particles mechanically removed from collector plates
- Global system: set of plates/collectors

- Expensive but efficient, 
especially for smaller particles (0.01 µm)
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- Scrubbers

Impaction
> 90% > 5 um
60 – 80 % 3 – 5 um
< 50 % 3 um
Gas flow 1-50 m3/s
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70 – 99 % > 1 um
> 50 % < 1 um

Atomisation of liquid
Enhanced gas/liquid contact

Impaction agglomeration
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Particulate matter Sources

Is PM 
sticky or 

wet?

PM Wet Scrubbers
Wet ESPs

Are PM, 
gases or 
vapours 

explosive?

Filtration systems
ESPs

PM wet scrubbers
Mechanical collectors

What are size and 
collection efficiency 

criteria?

Filtration systems
ESPs

PM wet scrubbers

Filtration systems

0 – 0.5 µm
High efficiency

0.5 – 5 µm
High efficiency

> 5 µm
Moderate efficiency

PM Wet Scrubbers
Mechanical collectors

yes

yes

no

no


