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Particulate matter and ground -
level ozone are responsible for 
over 400 thousands premature 

deaths in the EU
(traffic accidents for „only “ 39 thousands)
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Internal combustion 
engines produce very 
small particles which 
are harmful to human 
health and released in 
the immediate vicinity 

of people.
We have diesel particle We have diesel particle 
filters (DPF) and other filters (DPF) and other 
technology to take care technology to take care 

of this. But does it of this. But does it 
help? Is the situation help? Is the situation 

improving sufficiently?improving sufficiently?
Air quality 

improvement actions 
need to be based on 
educated decisions 
supported by facts.
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Online PM measurement at
Czech Technical Univ. in Prague
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Project BIOTOX – Mechanisms of Toxicity of Particles from Biofuels
PM measurement and sampling using high-volume samplers

Gasoline MPI and direct injection, diesel,
Traditional and alternative fuels (ethanol, 

butanol, biodiesel, NExBTL, blends)
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„Celý den jezdí
auty sem a 
tam, aby 

ukázali, že 
ježdění autem 
je špatné pro 

životní
prostředí.“

(Steve Taylor, 
New York)

Cars, buses, trucks, tractors, loaders, mowers, small airplanes, mopeds, 
ferries, locomotives, construction machinery

Real driving emissions measurementReal driving emissions measurement
Portable onPortable on--board monitoring systems (PEMS)board monitoring systems (PEMS)



IC Engines – Main Source of Nanoparticles in Urban Areas in CZ
Vojtisek-Lom et al., EAC 2015, Milano, 10.9.2015 – 1COA_P016 7

On-board system versatility: Motorcycle to locomotive

Raw exhaust  
sampling point 

(no dilution)

Engine speed 
measured with 

optical tachometer

Intake air 
manifold 
absolute 
pressure

5 Hz GPS 
receiver 
Speed, 

position, 
altitude

Battery

2009 
Coliber
Fartt

scooter
0.049 liter 
carbureted 

engine

Special adapter 
fabricated and inserted 
before muffler (outside 
air penetrates well into 

tailpipe)

Truck

Locomotive
163 liter diesel
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Portable on-board emissions monitoring systems (PEMS)
“Research PEMS”: On-board FTIR (gaseous compounds), 

EEPS (size distributions), CPC (particle count)
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Student projects: E85, n-butanol, isobutanol in 
unmodified gasoline engines in Škoda cars

On-board FTIR
~ 30 kg

~ 300-400 W
3 hours on 

26 kg of batteries
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(Diesel) ICE exhaust particulate matter

Liati A., Dimopoulos P.E., Combustion and Flame 157 (2010) 1658–1670.

• Small particles (units to hundreds of nm) formed by incomplete 
combustion of fuel and engine lubricating oil and wear metals
• Complex mixture of compounds, many known to be carcinogenic
• More premature deaths (> 400 K per year in EU) than traffic 
accidents (< 40 K per year)
• One of the most pressing urban environmental problems
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B. Alfoldy et al., Aerosol Science 40 (2009) 652—663.

Lung deposition fraction:
ET – extrathoracic

TB – tracheobronchial
PU – pulmonary

Particle mass median diameter:
NM – nucleation mode

AM – accumulation mode

Lung particle capture efficiency
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A. Mayer, 12th ETH Conference on Combustion Generated Nanoparticles, Zurich, 2008

Lung particle capture efficiency
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Euro 5 with no DPF
(Prague, CZ)

With 
DPF

Is diesel PM becoming more 
of a question of public policy 

rather than technology?

Warning: This engine emits 
carcinogenic nanoparticles that 

are harmful when inhaled.
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DPF work, but DPF work, but …… are they the EU norm, or the privilege are they the EU norm, or the privilege 
of wealthy and progressive countries and regions?of wealthy and progressive countries and regions?

Polish advertisement for emulation of (removed) DPF to the ECUPolish advertisement for emulation of (removed) DPF to the ECU

Do we mandate Do we mandate 
the installation the installation 
of DPF through of DPF through 
emissions limits, emissions limits, 

but then but then 
tolerate DPF tolerate DPF 

removal?removal?
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UK advertisement for removal of DPF UK advertisement for removal of DPF 
and corresponding adjustments of ECUand corresponding adjustments of ECU

Do we mandate the Do we mandate the 
installation of DPF through installation of DPF through 
emissions limits, but then emissions limits, but then 
tolerate DPF removal?tolerate DPF removal?



IC Engines – Main Source of Nanoparticles in Urban Areas in CZ
Vojtisek-Lom et al., EAC 2015, Milano, 10.9.2015 – 1COA_P016 16

Characteristic of λ  ra tio for gasoline
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Challenges of EU automobile gasoline engines
Euro 4 Skoda Fabia – engine dynamometer runs

Stoichiometric operation

Reducing exhaust gas 
temperatures (catalyst 
protection) by fuel-rich 
operation at high rpm 

and at high loads

Air excess ratio (λ)

Concentration of THC [ppm] for gasoline
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Gasoline engine real-driving PM emissions
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Instantaneous fuel consumption
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Gasoline engine on-road PM emissions:
steady speed vs. full-power acceleration

Instantaneous PM emissions
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NEDC

Artemis urban

& rural

WLTP

US06

Artemis

motorway 130

Artemis

motorway 150

PN [#/km]

direct injection 20 K km

port injection 30 K km

0 10 20 30 40 50 60

NEDC

Artemis urban

& rural

WLTP

US06

Artemis

motorway 130

Artemis

motorway 150

PM mass [mg/km]

direct injection 20 K km

port injection 30 K km

WLTP is “not as lame as NEDC”, but does it cover the 
problematic enrichment at high load (prohibited by EPA)?

US06 and Artemis motorway cycles as a supplement?

EURO 5 PM mass limit

Gasoline engine PM: Choice of cycles

EURO 5 PN limit
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Particle emissions from small engines
under real “driving” conditions

Only direct exhaust 
emissions considered here. 
Non-engine & secondary 

emissions and health effects 
of injuries not negligible.
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0.01 0.1 1 10 100

PM [g/h] (mass deposited on filter)

PM [g/h]
Wolfgarden 

4-cycle
Briggs&Stratton 
US EPA Stage II

Stiga 
4-cycle 

Briggs&Stratton 
US EPA Phase 1

Mid-90's 
4-cycle 
mower

Weed-eater
Stihl FS350

2-cycle

Lawnmower and weed-eater – test summary
(PAH analysis and toxicology assays to follow)

Pall TX40 
filters
2-44 

mg/filter

Quartz 
fiber 

filters
hundreds 
mg/filter
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Challenges of EU automobile diesel engines
Euro 4 Skoda Fabia – chassis dynamometer runs

NEDC vs. full-power loaded accelerations

 PM concentrations
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NO emissions - Skoda Fabia turbodiesel
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Supplemental tests

NEDC Run 1

NEDC Run 2

NOx reduced by EGR

NOx: Use of EGR 
competes with the 

desire for additional 
torque

?

Maintaining adequate 
excess air competes 

with desire for 
additional torque

NOx

PM

Long idle / low load: DOC cooldown, 
combustion deterioration, high fraction 

of OC in PM

Problem 
compounded by 
downsizing & 
turbocharging: 
Relatively low 
torque at idle.

Problem 
compounded by 

cold DOC 
during 

accelerations 
after long idle
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Source data: Vojtíšek-Lom et al., Society of Automotive Engineers Technical Paper 2009-24-0148

Euro 4 Skoda Octavia – real-world city driving tests
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Euro 4 Skoda Octavia – real-world city driving tests

Measurement by the author.
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Euro 4 Škoda Octavia – high-speed freeway tests
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Aggressive, high-speed driving on a freeway, not atypical for Czech roads
Results contrasted with ECE cycle test on a chassis dynamometer
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Congestion effects: DAF 1505 truck, 2006, Euro 5 Paccar engine, 
540 thousands km, with loaded trailer (39 tons total weight)
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We took a DAF truck with semi-trailer, 39 tons, EURO 5 but no DPF, and 
circulated the Prague perimeter road waiting for congestion to happen

“Urban creep”:
combustion worsens, DOC cools down, SCR cools down, EGR not feasible

Result: NOx and PM up to one order of magnitude higher
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The horror of transit truck traffic
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Fluorocarbon Pall TX40

0.1 1 10 100 1000 10000

idle after full
load (5 min)

idle > 20 min.

full load after
idle (5 min)

full load -
stabilized

30% load
stabilized

ug / kg fuel
total PM in mg/kg

BaP

cPAH

all PAH

total PM

Extended idling effects – diesel fuel – logarithmic scale
An order of magnitude increase during + after extended lowAn order of magnitude increase during + after extended low--loadload

of emissions of  of emissions of  BaPBaP, carcinogenic PAH, all PAH, PM mass, carcinogenic PAH, all PAH, PM mass

Increase
with time

Effect of
prior low-load

EU Stage III A non-road diesel engine, no aftertreatment
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Experimental setup:
Ambient size and time resolved nanoparticle measurement in inhabited areas

Portable vehicle emissions monitoring instrumentation used for ambient measurement

Fast mobility 
spectrometer (Engine 
Exhaust Particle Sizer, 
Model 3090, TSI Inc.)
Condensation counter 
(UF-CPC 200, Palas)

notebook, GPS, batteries 
mounted on hand carts 

(or a baby carriage).

Study designed, 
measurements done, 

and data interpreted by 
an interdisciplinary 
team of engine –

combustion – aerosols –
toxicology specialists.

CPCCPC
> 4 nm> 4 nmEEPSEEPS

55--560 nm560 nm
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Validation of EEPS for ambient measurements:
co-location with SMPS+CPC (UFIREG project, 28.6.-3.7.2014)

total particle counttotal particle count
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Results: Neighborhood of Spořilov instrumented walking tour

26.3.2014 10:15-13:45

Particle number concentrations
EEPS 5-100 nm

 [thousands #/cm 3]

14

47

60

6

9

4

4

8

18

12
5

5

3

3

6

7

38

43
9

6
61

41

110

226

33

195

106

215

100

5

10

20

50

EEPS 5-100 nm
Scale

8-10 C
60% RH
2-6 m/s

Absence of larger particles & absence of higher concentrations Absence of larger particles & absence of higher concentrations 
in the inner neighborhoodin the inner neighborhood away / upwind from trafficaway / upwind from traffic

Assuming that 
home heating 
appliances are 

evenly 
distributed 
throughout 

the 
neighborhood, 
why don’t we 
see anything 
upwind of the 

road?
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Results: Neighborhood of Spořilov instrumented walking tour
Absence of larger particles & absence of higher concentrations Absence of larger particles & absence of higher concentrations 

in the inner neighborhoodin the inner neighborhood away / upwind from trafficaway / upwind from traffic
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Results: Neighborhood of Spořilov instrumented walking tour
Absence of larger particles & absence of higher concentrations Absence of larger particles & absence of higher concentrations 

in the inner neighborhoodin the inner neighborhood away / upwind from trafficaway / upwind from traffic
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Results: Neighborhood of Spořilov instrumented walking tour
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““SpoSpořřilov ilov hotspothotspot””::
After low-speed travel through 
congested area of Prague, heavy 

trucks accelerate onto 
a freeway and climb a hill –
“reentrainment” of material 

deposited in the exhaust system.
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Particle concentrations vary, size distributions remain similar Particle concentrations vary, size distributions remain similar near near 
roadways, and match engine exhaust size distributionsroadways, and match engine exhaust size distributions

SpoSpořřilov, February 2014, mean of 40 normalized distributionsilov, February 2014, mean of 40 normalized distributions
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U Tesca, rozjezd busu nestandardní palivo
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Results: Village of Líbeznice instrumented walking tour

Arterial road with Arterial road with 
commuter trafficcommuter traffic

High peaks from high emitting High peaks from high emitting 
vehicles... vehicles... and a lawnmower!!!and a lawnmower!!!

Not much in the fields Not much in the fields 
or elsewhere in the or elsewhere in the 

village....village....

Lawnmowers:Lawnmowers:
No PM limit!!!No PM limit!!!



IC Engines – Main Source of Nanoparticles in Urban Areas in CZ
Vojtisek-Lom et al., EAC 2015, Milano, 10.9.2015 – 1COA_P016 39

Results: Sion Elementary School instrumented walking tour
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do 10 tis.

10-20 tis.

20-50 tis.

nad 50 tis.

Results: Sion Elementary School instrumented walking tour
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Results: Sion Elementary School instrumented walking tour

< 10 000 #/cm3

10-20 000 #/cm3

20-50 000 #/cm3

> 50 000 #/cm3

School entranceSchool entrance

Major highwayMajor highway
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Results: Sion Elementary School instrumented walking tour

< 10 000 #/cm3

10-20 000 #/cm3

20-50 000 #/cm3

> 50 000 #/cm3

0

20

40

60

80

100

7:38 7:42 7:46 7:50 7:54 7:58 8:02 8:06 8:10

UF-CPC-1s
School parking lot (5 s avg)
School entrance (5 s avg)

738 720 #/cm3 

thousands of particles per cm3 

School entranceSchool entrance

School School 
parking lotparking lot

School entranceSchool entrance

Major highwayMajor highway

Highest concentrations:Highest concentrations:
High emitting enginesHigh emitting engines
(vehicles in bad shape, 
small engines, idling 

vehicles, etc.)
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What we have learned summarizedWhat we have learned summarized
Large temporal and spatial variance of nanoparticle concentrations.
Higher number concentrations of nanoparticles always correlated to 
the presence of internal combustion engines upwind and/or in the

vicinity. Away / upwind from roads, concentrations were low.
Normalized size distributions generally agreed with engine exhaust 

size distributions.
Despite measuring during heating season, no other major sources of 

nanoparticles (home heating) identified.
High emitting engines – vehicles in bad shape, small engines 

(lawnmower, scooter) with no PM limit – responsible for peaks.
Highest concentrations found where expected based on knowledge of 

engine emissions: traffic were entering a freeway after extended
idling, at intersections, etc. 

Working knowledge of engines and their emissions helpful in data
interpretation, engines are complex non-linear dynamic systems.

Findings useful for transportation Findings useful for transportation & land& land--use planning.use planning.



IC Engines – Main Source of Nanoparticles in Urban Areas in CZ
Vojtisek-Lom et al., EAC 2015, Milano, 10.9.2015 – 1COA_P016 44

ConclusionsConclusions

Examples of data from several instrumented neighborhoods walking
tours suggest that internal combustion engines remain the dominant 

source of nanoparticles in the Czech Republic.

Nanoparticles are concentrated where they are expected based on 
knowledge of internal combustion engine emissions: in the vicinity of 
high emitting vehicles, idling vehicles, congested areas, intersections.

Large peaks around 10 nm, with a second peak in tens of nm, 
correspond to engine exhaust patterns. 

Large concentrations are generally absent away from engines, but
where one would expect operational home heating appliances (all 

measurements done in winter).
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