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It is an honor to speak at MDEC and I thank you for the kind invitation. I 
convey the best greetings from Dr. Andreas Mayer. Many of you know 
him well. In 1985, Canada evaluated the underground application of 
DPF –Bob Fraser and Don Dainty should be mentioned here, but 
unfortunately no implementation followed. Much later, the Diesel 
emission evaluation program DEEP was initiated by Josef Stachulak, 
again no large application. In Switzerland, we picked up your pioneering 
work and DPF became a must for all Diesels in tunneling by the year 
2000, and not much later it became obligatory for construction 
machinery and other Diesels above ground. Our key innovation was the 
introduction of the adequate parameter for correlating exhaust toxicity to 
exhaust quality: the PN criterion, that is, the number count of solid 
particles with a diameter below 500nm. The EU picked this up, now all 
road Diesels – and as of last month nonroad and DI-petrol cars as well – 
must have filters! That amounts to 120 million equipped vehicles. 
As you see, it’s possible. There is no “missing link” anymore, no need for 
further statistics and studies. See for yourself: start tomorrow equipping 
all your mining machinery and road vehicles with DPF, introduce PN 
monitoring and stand for sound regulations. You will not be 
disappointed. 
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Beautiful Switzerland, lucky with a low portion of high polluting industry, 
but if we look closer at this idyllic scenery, we see that the air might 
seem clear but is not clean. 
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In winter, strong thermal inversions are frequent and cold air fills all the 
big valleys. Pollution – mainly from traffic and heating – remains 
undiluted and life in cities becomes unhealthy. 
This applies even more to the transit route over the Swiss Alps (3500 
trucks per day). A very strong motivation to change things. 
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What is responsible for this pollution? 
Road traffic, shipping and aviation – as you can see in the diagram, 
shipping and aviation emit even more ultrafine particles UFP than road 
traffic (not just Diesel emissions but also petrol engines). 
All of the same size range, around 20-200 nmØ! 
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DPF’s was available since 1982, but never used widely. There were no 
legal limits in place. Regulators, even in California, failed to enforce low 
limit values for particle emission although it was known, that filters would 
reduce emissions by >99% and the carcinogenicity of soot had long 
been proven. (remember Sir Persival Pott, 1714-1788).  
In 1994 Switzerland characterized Diesel Particulate Matter, as 
carcinogenic for humans and established the first limit value for Diesel 
PM, 100 µgr/m³ black carbon BC, following the suggestions of WHO in 
1988. As a result, DPF became a must in tunneling.  
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Thanks to the strict enforcement by the Swiss accident and occupational 
health council SUVA, DPF-application in tunneling soon became very 
successful and was later applied to all areas in which Switzerland can 
act independently from the EU: in construction, city buses, rail, ships, 
industry and some truck applications. In 2000, Peugeot launched the 
first Diesel car with DPF on a voluntary basis – it became a great market 
success. 
The reduction in values was incontestable, and the EU was compelled to 
lower the PM-values to the lowest possible gravimetric levels. 
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For Commercial Aircraft the introduction of the PN-criterion had far-
reaching consequences. The Swiss agency for commercial aviation, 
BAZL, developed means of measuring the particle number of jet engines 
and recommended its use to the International Civil Aviation Organization 
(ICAO). This year the ICAO adopted the first global PM emissions 
standards for measuring the PN of jet engines.  And an agreement is 
already in place requiring all new engines to comply with this PN 
standard as of the year 2020.    
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And what about the Diesel engines of marine traffic? 
On satellite pictures, we can see large coastal areas crisscrossed by 
broad fume clouds with severe consequences for the population living 
there.  
The Danish-based center for energy, environment and health CEEH 
estimates, that up to 50,000 premature death cases are caused by this 
pollution in European seas and waterways. 
 
VERT Association meets this challenge by developing filters systems for 
marine applications. 
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When road emissions from the transit traffic of trucks became 
intolerable, the Swiss government decided, in 1993, to build a railway 
tunnel connecting Italy with northern Europe. This posed a great 
challenge for SUVA: the newly introduced OEL-limit of 100µg/m³, 
corresponding to about 300,000 particles/cm³, was strictly enforced and 
ventilation proved to be insufficient to even come close to this target. 
In order to meet this requirement, Dr. Mayer was appointed as a 
consultant. There was no time to waste, since the drilling started in 
1994. An “ad hoc” society was created, the VERT Consortium. Within 5 
years, adequate Diesel filters were developed and ready for fitting, a 
certification authority was established, and PN monitoring instruments 
were created. 
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What works in tunnel construction will work anywhere and under all 
conditions. 
50 industrial companies formed the Vert Consortium for emissions 
reduction in tunneling: a committed group of filter, catalyst, engine, fuel, 
lube and additive manufacturers; metrology and physical and chemical 
analysts; as well as occupational health experts and authorities from 
Switzerland, Germany and Austria. A dedicated, united team.       
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The result was persuasive. Data collected at several tunneling sites in 
about 50 measuring campaigns per year started before the retrofitting 
with DPF began. Initially, total carbon TC was measured, later elemental 
carbon EC. After 3 years (and quite a bit of “trial and error”), EC levels 
were almost lowered to the background level, and nowadays EC levels 
are 5 times lower than the OEL Limit. SUVA measures the particle 
number PN of engines when they are idling – a sound way to pinpoints 
“culprits”.  
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From the beginning in 1983, reduction of emissions as stipulated by law 
in Switzerland has involved two approaches: 

• Preventive measures to reduce toxic and irritating substances 
from breathing air “wherever it is technically and financially 
possible”. In the case of carcinogenic toxics, implementation is 
stricter regardless of cost. 

• Reactive measures to enforce legal limits. Operations at work 
must stop when legal limits are exceeded. 
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Dr. Heinz Fuchsig of the Austrian occupational health organization 
AUVA is a dedicated champion of a clean environment. He authored the 
resolution adopted by the World Medical Assembly in 2014. It highlights 
three important elements: 

• BAT = best available technology, in other words, certified DPF 
filters retaining > 99% of soot for all new Diesel engines (Petrol 
engines should have been included.) 

• Retrofit without exceptions  
• Monitor PN and not PM 
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And now 

• with respect to health impact, health cost and benefit to cost 
ratio and  

• with respect to the technology actually used in different 
applications for new engines as well as for retrofit, problems, 
potentials, cost, reliability and the need for careful inspection 
and maintenance 

•  
let’s look at the facts that support our conclusions. 
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Daily, we inhale a total of 10 – 20 m³ of air, and together with this air, 
tens of trillions of suspended particles. 
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When we breathe, the air enters the trachea, which bifurcates in two 
main bronchi. These subdivide about 20 times into increasingly finer 
bronchi, which are lined with cilia, microscopic hair-like structures, and 
with mucus. The cilia push the mucus layer in a continuous rhythm from 
the peripheral to the central airways up to the throat. The lung is cleared 
in less than 24 hours. The finest airways feed into ducts which are 
formed by alveoli bulbs. The wall of the alveoli is very thin, 200nm, so 
the gas exchange occurs very easily. 
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Only clean and moist air should reach the vulnerable alveoli as 
described above. 
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The deposition of particles occurs on different levels  
Nose and throat: 5-10µmØ 
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Less, but still coarse particles of 3-5µmØ reach the bigger air conducts 
and stick to the mucus pushed to the mouth and swallowed or 
expectorated. 
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Even smaller particles are still captured and eliminated by the the 
“mucociliary elevator”: 
2-3 in the bronchi, 1-2 µmØ (1000- 2000 nmØ) in the bronchioles. 
 
Particles from natural sources and processes are > 2 µmØ 
So with this defense mechanism developed during the millions of years 
of evolution the lungs were perfectly protected against solid particles 
from natural sources except from fire places – everything changed when 
the industry started to produce smaller particles, the nanoparticles < 1 
µmØ, resulting from technical combustion on a very large scale.  
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The nanoparticles reach the alveoli. That is where the drama begins: 
Part of the nanoparticles under 1µmØ and smaller translocate though 
the subtle respiratory membrane.  
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You see the cluster of hollow cups with their orifice. In blue, you see 
alveoli framing a common space in section. Each alveoli is enmeshed by 
a tight net of extremely thin blood vessels, the lung capillaries.  
The black dots symbolize the particles translocated into the blood 
circulation. 
We have 500 million of alveoli, their inner surface totals 150 square 
meter and the network of arteries in the lungs has a total length of about 
2000 km. 
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We see a section through an alveoli: we recognize cells with nuclei 
(blue), fitting together like several eggs fried “sunny side up”.  The 
capillaries with the red blood cells are in tight contact with the alveolar 
cells, and constitute together the subtle alveolar membrane, where the 
gas exchange occurs. The two cells with little spikes (pink) are mobile; 
they “roam around”, cleaning up any debris, bacteria or coarser particles 
by phagocytosis, i.e. catching and engulfing their “prey”. 
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The blood circulation distributes the particles; they may reach all organs 
and cells. That explains the impact of vehicle exhaust on different 
organs, first and foremost, the heart and circulation. Nanoparticles also 
travel from the nose via the olfactory nerve to the central nervous 
system, circumventing the blood brain barrier. Contingent to this finding, 
Parkinson’s and Alzheimer’s disease are more frequent in areas near 
heavy traffic.  
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Size is the first criterion to decide whether a particle can become a toxic 
air contaminant TOC or not. 
Particles > 10µmØ settle before they reach mouth and nose. Particles > 
1 µmØ are deposited by impaction onto the mucus.   
The mucociliary mechanism transports the particles to the mouth, where 
they are swallowed or expectorated. 
The small size fraction in the range of 20-500 nmØ can get into the 
alveoli.  
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Solid particles smaller than 500 nmØ reach the alveoli. About 5% of 
them translocate readily into the blood stream. They may infiltrate the 
bladder, the liver, the brain – all of our organs. Small particles around 
100 nmØ, the typical size of Diesel UFP, may enter the cell and also the 
cell organelles, including the nucleus, causing damage to the DNA of the 
genes. This demonstrates, why size matters and not mass, and why 
particles have to be monitored by number. 

 

28 
It is a truism: all biologic processes take place on surfaces.  Even a 
monomolecular layer is reactive. Primary soot particles are quasi-
spheres of 20 nmØ and not porous. The relative surface is 200 m² per 
gram – imagine! They agglomerate very fast and form chainlike 
structures, but the total surface remains almost the same as before 
agglomeration. Coated with PAH, metal oxides from engine wear and 
lubrication, UFP are ready to react with whatever cell or cell organelle 
they come in contact with. 
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Combustion generated nanoparticles persist in the organism. They are 
not “digested” easily, not metabolized - the organism fights an endless 
energy consuming fight. Repair mechanisms are overwhelmed, 
premature aging and more cancer cases are the consequence. 
Soot is relentless as demonstrated by the lungs of the Stone Age 
mummy Ötzi, who was released by a melting glacier, and by the lungs of 
a London SMOG victim. 
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In addition to combustion-generated solid soot particles, atmospheric 
aerosols contains nitrates, sulfates, many organic substances, minerals, 
condensed water and metals.  
Which ones are toxic? There are many erroneous assumptions! E.g. 
water-soluble substances are readily diluted and therefore much less 
toxic, or particles larger than 1 µmØ are less relevant since they cannot 
penetrate into the blood stream.  
Actually, the most dangerous “culprits” are not the carbon cores per se, 
but soot nanoparticles as carriers of dangerous molecules and ions, and 
also metal oxide nanoparticles, the Trojan Horse Effect.  
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I would not dare to lead you through the labyrinth of interdependent 
pathways, I would soon get lost myself.  
No surprise, that persistent particles, some of them with catalytic effect, 
may wreak havoc on these otherwise balanced mechanisms, primarily 
triggering the production of peroxides, produced in order to destroy 
natural intruders like bacteria, but also attacking the DNA, an unwanted 
side-effect that can lead to cell death or genetic damage and cancer. 
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Inflammatory responses produced by the cell organelles in order to 
combat natural invaders are inefficient when confronted with carbon 
nanoparticles. This cell response, called “oxidative stress”, overlaps into 
neighboring cells, so that they become also “stressed”. The 
inflammatory state has a tendency to generalize. 
Toxic molecules and ions may also impair the genes directly, which can 
equally lead to cancer or cell death. 
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Heart attacks (30%), stroke (40%) and cancer (20%) are the main UFP-
related diseases that lead to premature mortality. This is the finding of a 
new extended meta-study by the Harvard School of Public 
Health/Boston and the German Max-Planck institute Mainz in 2015.  
The WHO classification of Diesel exhaust as a severely cancerogenic 
agent in CLASS1 (like asbestos) has been confirmed by studies 
conducted in mines.   
 

 

35 
The first large epidemiologic study on premature mortality due to toxic 
air contaminants was the “6-cities study”: From 1978 to the year 1993, 
15’000 persons were observed, living in 6 cities with different pollution 
levels, from clean Portage to highly polluted industrial Steubenville. 
Each death was investigated and correlated to the momentary 
environmental burden. (Confounders like smoking or body weight were 
taken into consideration). Fine Particles PM 2.5 was the only polluting 
agent correlating perfectly with premature death. This does not mean 
that PM 2.5 is “the culprit”; it only proves that PM2.5 contains the 
responsible toxic agent.  
But which substance is it really? 
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Other epidemiologic studies dealing with disease in relation to distance 
from busy roads give us the answer. The results are conclusive: 
Ultrafine particles number concentration originating from traffic 
correlates perfectly to lung disease symptoms.  
The distance from traffic has little influence on PM2.5 (total mass) levels. 
These do not correlate to the lung symptoms. PM2.5 is not an adequate 
parameter for traffic-caused pollution, since only 15% of the particulate 
matter contained in the PN2.5 -fraction can be attributed to traffic 
exhaust. 
These studies are consistent with toxicological findings.     
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The diagram shows that bronchitis, asthma, cough, etc. are less 
frequent with increasing distance from heavy traffic. Nanoparticles 
(measured by number) decrease in the same way.  
On the other hand, the coarser particulates, measured as PM10, have 
no correlation to traffic emissions.  
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Reducing air pollution saves lives and money. Particle filters for all fuel-
driven vehicles would be a great contribution to that issue. The studies 
by WHO/World bank, OECD, Health Canada etc. need no reiteration. 
But conclusive correlation of source and damage depends on the right 
metrology.  Monitoring by number leads to strict regulations. Retrofitting 
with DPF will deliver the proof! FOEN, the Swiss Federal Office for the 
Environment declares that investing in abatement measure pays off: for 
1$ invested, 10$ can be saved on health costs.  
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Many studies by renowned parties, like WHO, World Bank, and OECD, 
have tried to determine health and environmental costs. In 2016, the 
Institute for Health Metrics and Evaluation (IHME) estimated the global 
death cost due to air pollution amounting to US$ 225.billion. Has such 
an estimate any significance? The total costs including all damages is 
much higher, trillions of dollars.  

Pollution abatement pays back.  

 
  

 

42 / 43 
The video inserted in the presentation is a shortcut of a more extended 
video you may download for your own purpose: 
www.vert-certification.eu  

http://www.vert-certification.eu/
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In the frame of the VERT-tunneling project, we did an endurance test 
under real conditions with 10 tunneling machines from 1994-96, 
comprising over 2000 operation hours.  Accurate preliminary tests had 
been conducted. All 10 tested DPF’s had still excellent efficiency at the 
end of the test period. Real-world testing was supplemented by intensive 
scientific laboratory testing. The results were considered as a sufficient 
proof of quality to take the decision: “no Diesel without filter in the 
tunnel”. We faced the learning period to come with confidence……. and 
were not deceived! Today, 120 million cars are equipped with such 
filters on European roads. 
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 DPF became available on the market since 1982, matching perfectly 
the first particulate matter emission limit for passenger cars by CARB in 
1981. John J.Mooney, the inventor of the three-way catalyst, developed 
catalytic coatings for regeneration immediately. The coatings had to be 
sulfur-tolerant, since fuel sulfur at this time was still 5000 ppm! Further, 
J.J.Mooney proposed a four-way catalyst with similar coatings for petrol 
engines already at this time. This opportunity was picked up by 
European exporters of Diesel engines, Daimler and VW. The later 
started immediately a “race” which provided soon excellent solutions.  It 
could have been the birth of Clean Diesel. Alas, it was a missed chance, 
since regulators didn’t’ get it. 
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In the 70th, cellular structures for filtration were already available based 
on the fascinating extrusion technique patented by Corning & NGK, 
which allowed to produce very fine “honeycomb” ceramic structures 
reaching 300 cells per square inch CPSI. The knack leading to the 
efficiency of the filter was the use of porous ceramic walls. Plugging the 
cells alternatively forced the exhaust to pass the walls, which reduced 
the axial velocity of flow, 50 m/s to wall-flow velocity of < 10 cm/s, 
providing the necessary time lapse for the deposition of nanoparticles 
within 10 µm pores by diffusion. Filtration and deposition for solid 
particles in the size range 10-2500 nmØ became possible, comprising 
the diffusion as well as the impaction range. The large substrate surface 
offered ideal conditions for catalysis. (Initially there was a competition 
with other solutions like knitted fibers, but finally the ceramic filter made 
it).    
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Counting particles in relation to size became possible by the TSI 
development of the SMPS – the Scanning Mobility Particle Sizer - in 
1967. This very sensitive method covers the whole required size- range 
of the particles relevant for the health impact, i.e. from about 10 nmØ. 
Measurements with SMPS demonstrated the overall efficiency of the 
filtration and allowed to fine-tune the properties of the porous ceramic 
structures of filters – not a simple task: the brittle porous structures are 
exposed to enormous temperature gradients as well as shocks, 
vibrations and pulsations. (As a prerequisite, the formation of 
confounding volatile particles, including water, had to be avoided.) 
These were the scientific instruments but we needed robust 
instrumentation for measurement in the tunnel and mines. Dr.M.Kasper / 
Matter Eng. known to many in the audience, developed NANOMET, 
which became the “golden instrument”, another pioneer. 
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The diagram of the size distribution of engine emitted particles from 10-
500 nmØ show a peak for particles at about 100 nmØ. All combustion 
engines provide more or less this distribution. The reason is, that all 
engines produce primary particles of < 25 which agglomerate to bigger 
particles peaking around 100 nmØ, up to 300 nmØ for older engines. 
By coincidence, this is also the size range getting deepest into the lungs. 
The two diagrams show astonishing similarities.  
For Filters, the critical size gap between diffusion and impaction is again 
around 100 - 200 nmØ which must be respected by filter design with 
pore size around 10 µm and space velocity below 30 1/s – equivalent to 



wall-flow velocity of 10 cm/s. Such DPF catch the particles that 
endanger us most - but by far not all offered on the market. 
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Favorable circumstances were the godparents to the DPF kick-off: 

- The European Transalpine Rail Connection NEAT had been 
adopted by a large majority in a national vote and planning for the 
tunnel advanced 

- Diesel Motor Emissions DME were classified as carcinogen by 
WHO 

- An OEL limit value was set for black carbon BC < 100 µg/m3, still 
valid (initially TC, limit < 200 µg/m3 ) 

- According to model calculations (A. Mayer), ventilation of the long 
tunnel was impossible, the OEL- limits would be exceeded by 
factor 50 without DPF, even with engines of good quality, the use 
of special fuels and catalytic converters. 

- All technical elements were at the rim of maturity 
- A dedicated team was found, willing to meet any challenge 
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No doubt, DPF’s were the only way for respecting OEL-limits in this 
huge tunneling site. SUVA teamed up with their sister organizations in 
Germany and Austria with the target: “develop and provide a reliable 
retrofit solution for all Diesels used in tunneling in order to reduce the 
number of solid particles < 500 nmØ by at least two orders of 
magnitude, within 3 years” (we needed 5 years!). A working group was 
started end of 1993, and the lead was given to TTM, A.Mayer. 
Experimental work on Caterpillar and Liebherr engines started 
immediately at the Swiss Emission Laboratory AFHB with Prof. Jan 
Czerwinski. A consortium based on mutual trust - no contracts - was 
formed between about 50 industrial and research partners. 
 
 
. 
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VERT also became a scientific institution in cooperation with Swiss 
universities to develop new instrumentation – NANOMET – and define 
quality criteria. Within 22 criteria and requirements the most important 
are  

• Solid particle number count PN in the size 10-500 nm 
• No secondary toxic emissions 
• Electronic onboard control  
• Endurance evaluation during 2000 operation hours  

The VERT filter certification procedure was established in 1997 and the 
list of certified filters published – which now contains > 70 filter systems. 
This scientific dialogue was continued internationally by the ETH-
Nanoparticle Conference from 1997 – now > 400 participants yearly.   
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The results persuaded not only the leading organizations SUVA, AUVA, 
TBG to introduce legislation and enforcement, but impressed also the 
industry to improve in parallel the quality of filtration and regeneration, 
and provide solutions for a promising market opportunity, since a large 
number of tunneling sites for superfast train networks were planned to 
be built throughout Europe in 1995 - 2005.  
The key-factor was the “no-exception” requirement: All engine sizes, 
ages and designs should be equipped with VERT-certified filtration. At 
first, the tolerance limit for abatement of particles was set at 95%.  Soon 
the performance turned out to be > 99%, and the cleaning factor 
improved the breathing air quality by 20 times! Particle pollution in 
tunneling is now as low as in a public park in Zürich, Switzerland. 
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This message was picked up by the Swiss government in 2000 for the 
step by step introduction of DPF on all construction machines, rail 
locomotives, ships on Swiss lakes, public transport buses and the 
military fleet. Europe could not overlook this success of the DPF to clean 
breathing air in all important areas nor the fact that the PN criterion 
proved to be the key. So UN-ECE started the PMP-project for EU-wide 
PN-metrology in 2002 which needed 5 years to become formally valid 
and implemented in EU-legislation. With this, the road was paved for the 
introduction of DPF in LDV first in 2011, HDV 2013, NRMM 2018 and 
Petrol-DI in 2018/19.  
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VERT-final report, published Feb/2000, authored by A.Mayer   is 
available by SUVA and TTM-VERT  
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A proof of efficiency: 
The national pollution network monitors a pollution hotspot at in 
Härkingen at a large motorway crossing. Upper diagram shows Black 
carbon as measured (source Hüglin, EMPA, ETH-Conference 2017) and 
the lower diagram shows the trend (cleaned from seasonal confounding 
effects): In a period of six years, a linear reduction of traffic-related solid 
BC particles could be observed, showing a reduction of 60 %.  And the 
downward trend continues. Hence, this consecutive policy is yielding a 
persuading result. By the way: PM10 measured at the same spot did 
show a much slower downtrend during this period because PM10 
reflects rather the background and not the UFP traffic contribution                 

 

56 
To protect the health of minors, it is crucial to spot the most dangerous 
toxic agent, to introduce corresponding legal limits, and to monitor 
exhaust and ambient air correctly. Since diesel soot is cancerogenic, 
Swiss legislation makes it compulsory to use the best available 
technology (BAT). The collection of monitoring data ensures a well-
founded personal and collective risk assessment and a base for 
estimating the health costs. Documentation of the predictable success, 
and above all saving lives and money by DPF -introduction is a strong 
incentive for the state and businesses to effectively protect the 
population, and the best places for controlled studies on Diesel exhaust 
are mines and tunnels.  
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VERT, a pioneer, became a renowned emission certification institution 
for particle filters Verification of Emissions Reduction Technology and a 
network for further research. It stands for Best Available Technology 
BAT and cost effectiveness. www.vert-certification.eu 
The particle filter is first very efficient tool for lowering health costs due 
to traffic emissions. Furthermore, the use of multipurpose catalytic filters 
will allow an unmuzzled drive of development in engine technology 
regarding fuel consumption - since filters clean the exhaust anyway! 
The attempt of reducing toxic particles by motor design was in vain, 
which was predictable. The cost of such filters will lower with 
foreseeable production volume, with ample benefit/cost ratio. 
This emission technology as realized with Euro VI in large numbers has 
proven to also permit to optimize the engines -  8 % lower fuel 
consumption resulted, and thus lower CO2  emissions. 
  

http://www.vert-certification.eu/
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www.nanoparticles.ethz.ch 
 

 

 

 

 

http://www.nanoparticles.ethz.ch/

