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Table 1: Main characteristics of the combustion and flue gas treatment sections of the analyzed plants. 

  

In order to measure total particle number concentration and size distributions the following instruments were 
used: (i) a condensation Particle Counter CPC 3775 (TSI Inc.); (ii) a Scanning Mobility Particle Sizer 
spectrometer SMPS 3936 (TSI Inc.) made up of an Electrostatic Classifier EC 3080 (TSI Inc.) and a CPC 3775 
(TSI Inc.); (iii) a Condensation Particle Counter CPC 5403 (Grimm); (iv) a scanning particle sizer spectrometer 
obtained by connecting an Electrostatic Classifier ”Vienna”-Type DMA 55706 (Grimm) to the CPC 5403; (v) a 
thermo-dilution system (two-step dilution) made up of a Rotating Disk Thermodiluter (Model 379020, Matter 
Engineering AG) and a Thermal Conditioner (Model 379030, Matter Engineering AG) able to assured a correct 
aerosol sampling (Burtscher, 2005). 
In Figure 1 particle number distributions measured through particle mobility spectrometers at the stack of the 
analyzed incineration plants are reported. The data represent the particle number distributions corresponding to 
the highest emissions of the plants. Plant A and C show an unimodal distribution with peak values in the range 
60-100 nm, plant B and D show bimodal distributions with one of the peak in the nucleation range (about 10 nm). 
In particular, the Plant D show a minor peak at about 30 nm: no particles larger than 100 nm were emitted. This 
behavior could be assessed to the presence of the double filtration approach made up of two fabric filters. 
In Figure 2 the comparison amongst particle number distributions measured (through SMPS 3936) at the stack 
and before the fabric filter of the Plant A and B is reported: total particle concentrations before and after filtration 
differ of five order of magnitude. It gives evidence of the important contribution in the sub-micrometer particle 
reduction of the fabric filter. 

 
Figure 1: Particle number distributions measured through mobility particle sizers in the analyzed incineration plants. 
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Figure 2: Particle number distributions measured through SMPS 3936 at the stack and before the fabric filter of the Plant A 

and B. 
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INTRODUCTION: waste management
The waste hierarchy

• European Union’s Waste Framework Directive of 1975 (Directive 75/442/EEC) introduced for the
first time the waste hierarchy concept into European waste policy.

• In 2008, the EU parliament introduced a new five-step waste hierarchy: waste legislation Directive
2008/98/EC.

Separated waste collection:
 quality
 quantity

Waste-to-energy plants

Landfills
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INTRODUCTION: incineration technique

 In the waste management, incineration represents a favorable technique for reducing the
waste volume and recovering its energy content for generating electricity and district
heating.

 The incinerators have undergone rapid technological development over the last 10–15
years, due to specific legislation applied to industry that obliged several European countries
to reduce toxic emissions from municipal waste incinerators (MWIs).

Combustion Heat recovery Flue-gas
treatment 

Waste

Air

Power generation (Rankine cycle)
District heating

Abatement of:
NOx
CO
HCl
HF
Total dust
SOx
Dioxins
Hg
TOC
Heavy Metals
…
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WORK’S AIM

 A mass-based threshold limit value is currently required in the
operation of such plants (Directive 2010/75/EU):
 10 mg m-3 on daily basis;

 30 mg m-3 on half-hour basis.

 In Western countries there is a strong debate on the emission of
ultrafine particles at the stack of waste‐to‐energy plants with a
diffuse social response like the Not In My Backyard (NIMBY).

…a lack of understanding…

 Evaluation of UFPs emission in terms of particle distributions
and total concentrations at the stack of four incinerators.

 Investigation of fabric filter influence on ultrafine particle
emission levels through measurement campaign before the fabric
filter.
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EXPERIMENTAL ANALYSIS: plants’ description
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Plant Furnace and Waste characteristics Flue gas treatment section description

Plant A
Grate type: moving grate
Type of waste fed: Refuse Derived Fuel (RDF)

Semi-dry process: spray absorber system (lime milk and
powder activated carbons)
Selective Non-Catalytic Reduction (SNCR) Systems: urea
Fabric Filter

Plant B
Grate type: moving grate
Type of waste fed: Refuse Derived Fuel (RDF)

Dry process: spray absorber system (Sodium bicarbonate and
powder activated carbons)
Selective Non-Catalytic Reduction (SNCR) Systems: urea
Fabric Filter

Plant C
Grate type: roller-type grate
Type of waste fed: Municipal solid waste (MSW)

Fabric Filter
Wet process: wet scrubber
Selective Catalytic Reduction (SCR) Systems: NH3

Plant D
Grate type: moving grate
Type of waste fed: Municipal solid waste (MSW)

double filtration approach:
Semi-dry process (lime milk)
first Fabric Filter
Dry process (sodium bicarbonate and activated carbon)
second Fabric Filter;
Selective Catalytic Reduction (SCR) Systems: NH3

Biomass
plant

Grate type: fluidized bed reactor
Type of waste fed: biomass

Electrostatic precipitator (ESP)
Wet process: wet scrubber
Selective Catalytic Reduction (SCR) Systems: NH3
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EXPERIMENTAL ANALYSIS: methodology

 The experimental campaigns were carried out
during the period 2007-2010.

 Measurements of total particle number
concentrations and particle size distributions
were performed at the stack of each
selected plant.

 Measurements were carried out also at a
section before the fabric filter for Plant A
and B.

 Sufficiently stable operating conditions.

Operating conditions during experimental analysis 
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 Total particle number concentration measurement

 Condensation Particle Counter CPC 3775 (TSI Inc.) able to measure particle total
number concentration down to 4 nm in diameter;

 Condensation Particle Counter CPC 5403 (Grimm) able to measure particle total
number concentration down to 4.5 nm in diameter.

 Particle size distribution measurement

 a Scanning Mobility Particle Sizer spectrometer SMPS 3936 (TSI Inc.) made up of
an Electrostatic Classifier EC 3080 (TSI Inc.), used to classify the sampled particles
in different channel according to their size, and a CPC 3775 (TSI Inc.);

 an Electrostatic Classifier “Vienna”-Type DMA 55706 (Grimm) able to classify
particles in the range 5.5-350 nm coupled with the CPC 5403 in a scanning
mobility particle sizer configuration.

 Sampling and thermo-dilution systems

 Heated sampling lines and thermo-dilution systems were used to ensure proper
sample conditioning during the measurements.

Electrostatic Classifier 
EC 3080 TSI

Condensation 
Particle Counter 

CPC 3775 TSI

EXPERIMENTAL APPARATUS
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EXPERIMENTAL APPARATUS: sampling line
 Diffusion losses correction

The path experienced by the aerosol before entering in the
measurement devices is quite long, a diffusion loss
correction was applied to estimate the particle losses onto
the inner surface of the connecting tubes.
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RESULTS: concentrations at the stack
 Average total particle number concentration at the stack: 0.4×103 – 6.0×103 part. cm-3

 Maximum total particle number concentration at the stack: 1.0×104 part. cm-3

 At the stack of the Plant burning biomass (filtration trough ESP): 3.0×105 part. cm-3.

Statistics of  total particle concentrations measured through 
particle counters at the stack of  the analyzed incineration 
plants: min, max, median, 1st quartile, 3rd quartile values

Example of  a 10-minute total particle number concentration 
measurement through CPC3775 at the stack of  the Plant B
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RESULTS: concentrations pre-fabric filter

 Average total particle number concentrations before the fabric filter:
 2.4×107 ± 0.2×107 part. cm-3 at Plant A;
 1.4×107 ± 0.1×107 part. cm-3 at Plant B.
 nearly steady-state conditions during the measurement periods: the large deviation of the data at the

stack can only be due to the fabric filter cleaning operations…

Example of  a 10-minute total particle number 
concentration measurement through CPC3775 

before the fabric-filter of  the Plant B

Example of  a 10-minute total particle number 
concentration measurement through CPC3775 

before the fabric-filter of  the Plant B

Flue-gas treatment 
section of  the Plant A
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RESULTS: particle number distributions

Maximum number distribution at the stack:
Plant D show no particles larger than 100 nm: it
could be due to the presence of two fabric filters…

Comparison amongst distribution measured
at the stack and before the fabric-filter:
 filtration efficiency of both the fabric filters (in terms
of UFPs) is higher than 99.99%!!!
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ELEMENTAL ANALYSIS: particle collection

 an elemental analysis of particles collected at the stack was
carried out for the different size-selected filters by means of a
nuclear techniques, i.e. Instrumental Neutron Activation
Analysis (INAA) in collaboration with ISPESL (Rome, Italy).

Nanometer Aerosol 
Sampler 3089 TSI

At the stack of the Plant B, particles were collected through a Nanometer Aerosol Sampler
(NAS 3089 TSI Inc.) according to several imposed diameters (50, 100, 150 and 200 nm):

The choice of involving a nuclear methodology was necessary
because of both the very light filter dimension and the lowest
amount of material deposited onto it. In fact, the INAA does not
need any chemical pre-treatment of the samples.

20 elements were determined: Al, As, Cd, Ce, Co, Cr, Cs, Eu, 
Fe, Hg, Na, Ni, Sb, Sc, Sm, Ta, Th, V, Yb, Zn
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RESULTS: heavy metal concentrations
 The boiling point effect:

• As, Cd, V and Zn decreases their contribution to the
total mass concentration as the particle diameter
increases (from 50 to 200 nm)
(boiling temperature lower than 1200 °C, except for V)

• Co, Cr, Fe, Sb, Cs, Sc, Sm, Th, Eu and Yb increase
their contribution to the total amount with the
increasing of the particle size.
(boiling temperature higher than 1200 °C, except for Cs)

 A probable pathway:
reaction of elemental metal to form metal oxide (a
substance with a significantly higher vapor pressure).
o elements showing a lower boiling point evaporate in a

complete way;
o metals having higher boiling temperature tend to

remain in the solid phase and highly contribute to the
mass of larger particles (200 nm).
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RESULTS: linear and point sources

 Incinerator (Plant B) vs. Major Italian highway (A1)…
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CONCLUSIONS

The analysis of the results of these measurement campaigns leads to the following
conclusions:

 UFP concentrations at the stack are lower than 1×104 part. cm-3;

 removal efficiency of the fabric filters is greater than 99.99%;

 in regard to heavy metal concentrations, elements with a boiling temperature lower
than 1200 °C decrease their contribution to the total fraction with the increasing of
the diameter (from 50 nm to 200 nm), whereas element with a boiling temperature
greater than 1200°C increase their contribution to the total amount with the
increasing of the particle size;

 UFP emissions from incinerators are significantly lower than other

anthropogenic activities.
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RESULTS: number concentrations
PLANT B

 Total particle number concentration at the stack: 1×102 - 1×103 part. cm-3

 Total particle number concentration before the fabric filter: 2.0×107 part. cm-3

Total number concentration trend measured at the 
stack through a CPC 3775

Total number concentration trend measured before 
of the aerosol entrance in the fabric filter through a 

CPC 3775
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INTRODUCTION: definitions

 Atmospheric Aerosol
is a metastable suspension of solid or liquid particles in a gas (e.g. air).

 Classification by size
• PM10 Deq < 10 µm

• Coarse Particles (PM2.5-10) 2.5 µm < Deq < 10 µm

• Fine Particles (PM2.5) Deq < 2.5 µm

• Ultrafine particles (UFPs) Deq < 0.1 µm (100 nm)

• Nanoparticles Deq < 0.050 µm (50 nm)

 Aerodynamic equivalent diameter

Deq

Deq

high density low density
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INTRODUCTION: distributions

Number (a), Surface Area (b) and Volume (c) 
distributions of  an urban aerosol 

(Seinfeld and Pandis, 2006).
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INTRODUCTION: aerosol thermodynamics
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 A number of epidemiological studies were carried out in order to link particulate matter (PM) with
negative health effects (cardiovascular and breathing problems…)
• Dockery, D.W., Pope, C.A., Xu, X., Spengler, J.D., Ware, J.H., Ferris, B.G., Speizer, F.E. (1993). Mortality Risks of Air

Pollution: A Prospective Cohort Study, New England J. Medicine, 329, 1753 - 1759.
• Pope, C.A. (2000). What do Epidemiologic Findings Tell us About Health Effects of Environmental Aerosols? J. Aerosol

Med. 13:335 - 354.
• …

 What types or sizes of particles are most
responsible for health effects?

• PM concentrations: PM10 – PM2.5

• Number concentration: UFP
• Surface area concentration
• Assumption rate
…
• Carbonaceous nuclei (black carbon)
• Volatile Organic carbon (VOC)

23

INTRODUCTION: health effects

ICRP, 1994
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 Aerodynamic Particle Sizer - APS 3321 TSI
Measurement range: 0.5 – 20 µm
“sizing” technique: time-of-flight

EXPERIMENTAL APPARATUS: APS
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EXPERIMENTAL APPARATUS: RDTD
 Rotating Disk Thermodiluter & Thermal Conditioner (Matter Engineering)

- Thermal conditioning of the exhaust gases
- Evaporation of the volatile compounds

Thermodilution system prevents:
- Homogeneous and 

heterogeneous Nucleation
- Coagulation 
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Element
Particle size Boiling Point 

(°C)50 nm 100 nm 150 nm 200 nm
Hg - 0.9 1 0.9 357
As 21.4 17.9 13.2 10.8 603
Cs 2.2 3.6 4.9 5.6 671
Cd 10.9 8.7 6.9 5.3 765
Zn 23.6 21.3 15.2 9.5 907
Yb 1.2 1.9 3.1 3.8 1194
Sb 1.9 3 4.1 5.2 1587
Eu 2.4 2.8 2.9 3.4 1597
Sm 1.5 2.1 4.1 4.5 1791
Cr 6.5 8.1 9.4 11.1 2672
Ni - 0.6 0.5 0.6 2732
Fe 11.6 13.5 15.3 18.3 2750
Sc 1.8 2.2 5.2 5.6 2831
Co 2.9 4.1 5.3 6.5 2870
V 7.7 6.4 4.9 3.9 3409
Th 0.9 1.4 1.8 2.1 4788

RESULTS: heavy metal concentrations
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Total particle number decay Distribution spatial evolution

HIGHWAY EMISSION
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DOWNWIND RECEPTOR SITE

 Daily trend: PM10 and Number concentration

SummerWinter

- Periodic behaviour: A1 influence
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- fresh particles early in the afternoon: SOA?

DOWNWIND RECEPTOR SITE

 Hourly trend: PM10 and Number concentration

SummerWinter




