
1 Introduction

A controlled and sensible approach to-
wards protecting our environment is 
something that is subject to changing 
ideas within society. One thing, howe-
ver, is clear from observations over the 
past 25 years: fears that are born of a 
romanticized desire to protect nature 
will disappear just like the “dying of 

forests” caused by acid rain. For this re-
ason, the burning issue of “the CO2 
greenhouse effect“ might also undergo 
a decline in relevance. Diametrically 
opposed scientific findings could be an 
indication of the transitory nature of 
these issues. As was the case with the 
dying of forests, published majority po-
sitions give no clue as to the sustainabi-
lity of the problem.

By contrast, environmental protec-
tion based on healthcare policy has diffe-
rent characteristics. Scientific opinion 
differs solely with regard to active me-
chanisms or the degree of harm to 
health. Experience shows that the mobi-
lity industry has taken this on board and, 
as is clearly evident if we take the af-
tertreatment of exhaust gases as an exa-
mple, invariably carried out research in-
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to remedial measures long before it beca-
me a public issue. In Europe, insufficient 
environmental laws allowed legends that 
the automobile industry had to be forced 
to introduce catalytic converters or parti-
culate traps to come into existence. It is a 
fact, however, that achievements of envi-
ronmental protection have always been 
realized much faster than originally 
planned, as has been shown previously 
by the dramatic reductions achieved in 
tailpipe emissions. 

At the same time, the author recog-
nizes three problems that still remain 
unsolved in Europe and which are not 
being tackled seriously enough: 

1. Emissions legislation needs to spe-
cify a realistic timescale for industrial 
implementation that will allow the deve-
lopment of new environmental products 
and corresponding processes. Why, for 
example, is there still no proposal for 
EU7, when seven to twelve years may 
elapse before completely new products 
are available for series production? 

2. Why is there still no so-called “pha-
se-in” or “credits” in Europe, even though 
experience in the USA teaches us that 

the automotive industry there is able to 
translate environmental demands orga-
nically into mass production by pionee-
ring measures of technology? Unlike pro-
duction lines for consumer products, 
production lines of automotive manufac-
turers and suppliers cannot be switched 
overnight.

3. One obvious demand is to call addi-
tionally on other aspects of environmen-
tal protection as a base of healthcare poli-
cy. This is sensible because the automoti-
ve industry today ranks as a trailblazer as 
regards exhaust gas aftertreatment pro-
cesses. (And this is something that the 
industry can be proud of!) The deficits 
identified in points 1. and 2. above only 
serve to emphasize that a great deal more 
could be achieved. The success of environ-
mental care by the whole industry would 
be significantly enhanced if other sectors 
were to make a more energetic and effec-
tive contribution. The result would be 
not only a more rapid but at the same ti-
me a more reasonable and more cost-ef-
fective implementation — in the interests 
of prosperity and optimum viable envi-
ronmental protection.
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 Sometimes, making the effort to 
think outside the box will suffice to put 
the situation in the right light. Accor-
ding to the EU Workplace Directives and 
the standards defined in the German re-
gulation “Technische Richtlinie Gefahr-
stoffe” (TRGS 900, January 2006), the le-
vels of particulate matter in the work-
place must not exceed a maximum of 
10,000 µg/m3 (respirable fraction, compa-
rable PM 10) or a maximum of 3,000 µg/
m3 (comparable PM 2.5). The limit value 
as far as the ambient air (“immission”) is 
concerned has been defined in an EU Di-
rective since 1 January 2005 as a maxi-
mum of 50 µg/m3 of PM 10, something 
that is clearly below the specified limits 
of a workplace. This is a maximum daily 
average that must not be exceeded more 
than 35 times in any one year.

Thus, a limit value that is, on average, 
some 100 times higher than this is regar-
ded by the legislators as non-injurious as 
far as the employee in the workplace is 
concerned. The latter, who might be an 
industrial worker, may therefore inhale a 
quantity of particulate matter during his 
eight-hour shift, whereas only a few 
groups of employed people are likely to 
work on very busy roads for eight hours. 

This example, although not wholly 
comparable, shows that, even though futu-
re moves to tighten up even stringent stan-
dards may in principle be anticipated, the 
provision of environmental products is ne-
vertheless becoming a commercial risk 

due to the unpredictability of political im-
plementation. This is pointed out by exa-
mples like the advanced introduction of 
diesel particulate filters (brought forward 
by 3 years) and the retrofitting of diesel 
particulate filters (4 years late)!

Of major significance is the resolute ap-
proach adopted by the EU policy makers 
towards encouraging particle number 
counting as part of the standards for pas-
senger cars specified by EU6. What is even 
more important is that we already should 
have a basis for planning as regards the 
next tightening up of the EU6 limits. This 
would enable us to make the specific in-
vestments now. Or should we be looking at 
investing at all while there is no movement 
on the Workplace Directives front?

As far as nitrogen oxide values are con-
cerned, the situation is quite the same. 
Since we know for certain that NO2 as a 
constituent of NOx is highly toxic, only 
9,500 µg/m3 NO2 is permitted in the work-
place, whereas the current directive dea-
ling with ambient air quality standards 
(22nd FRG Emissions Control Regulation 
(BImSchV)) permits a nitrogen dioxide li-
mit of 200 µg/m3 as a 1-hour value (this 
level may be exceeded 18 times a year) and 
allows a value of 40 µg/m3 as an average 
figure for the year. On the basis of the EU5 
limit, diesel passenger cars, for example, 
will still not be immission-neutral. Even 
Euro 6 diesel passenger vehicles, accor-
ding to today’s knowledge, still would not 
square the balance sheet.

It is a fact that in the Federal US States 
of California, Massachusetts, New York, 
Vermont and Maine, the “Tier2 Bin5” 
standards that should not exceed NOx li-
mits equivalent to 8433 mg/m3 are speci-
fied. From the point of view of industrial 
politics, these strict NOx limits might ha-
ve been seen as a measure to repel diesel 
engines but, with the introduction of 
SCR diesel technology, now tend to be re-
garded in the USA as a stimulus for envi-
ronmental innovation. 

Those US diesel applications are thus 
taking over from the spark ignition engi-
ne as an environmental benchmark. Whe-
reas, at the beginning of the 1990s, mo-
dern SI engines with an electrically hea-
ted catalytic converter acquired a reputa-
tion for “cleaning up the environment” as 
far as the oxidizable pollutants HC and 
CO were concerned, this will soon be an 
attribute of the diesel passenger vehicle. 
In 2009, the first US diesels with SCR (se-
lective catalytic reduction) will arrive in 
Germany – even without the proposed 
“phase-in”, pressure of environmental 
groups or any incentive by the state to 
compensate for the obvious competitive 
disadvantage. The diesel propulsion con-
cept, formerly branded as “dirty”, is, with 
its De-NOx technologies and particulate 
filter, turning – at least partially – into an 
“emissions vacuum cleaner”. 

That people should adopt a frugal ap-
proach to CO2-emitting energy that pro-
motes our prosperity is also an indispu-
table maxim. In any case, we are obliged 
to take care of two commitments. Firstly, 
for the future we have to leave behind ful-
ly developed nuclear power and later fusi-
on energy as a basis of straightforward 
practical sustainability. Secondly, thanks 
to our interim successes, we already have 
it in our hands to further reduce any ne-
gative effects on health that the automo-
bile, as a main driver of prosperity, could 
possibly have. The technology for redu-
cing the exhaust pollutants of motor ve-
hicles that really present problems is al-
ready available today; all that is needed is 
to install this technology in a legal frame-
work and know how to use it on a large 
industrial scale. Up to now, nobody has 
been able to seriously accuse the automo-
tive industry of having failed to accelerate 
the implementation of innovations or to 
adopt a determined approach to protec-
ting the environment. The following are 

Figure 1: The Bugatti Veyron sports car is fitted with four close-coupled metal catalytic 
 converters with an LS/PE design
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some examples of already initiated pro-
gress and future advancement.

2  Laminar and ‘Turbulent’ Catalytic 
Converters

Technology leaps are expected, particular-
ly with regard to converter substrates and 
particulate filters, because otherwise the 
system volumes and weights based on tra-
ditional components must be increased 
on a massive scale. Over a period of twen-
ty years, metal substrates have provided 
the impetus for a change in technology. 
Initially, alloy foil substrates were develo-
ped that featured a low pressure drop and 
faster catalytic light-off. Metallic honey-
comb-based converters were first installed 
in a close-coupled position to the engine, 
and the idea of high cell density catalytic 
converters was born here and, together 
with leading customers, brought to high-
volume production.

 Now, the market is confronted with 
the next technology challenge: after 40 
years of laminar heat and chemical mass 
transfer using honeycomb structures 

with straight channels, the first motor 
vehicles featuring more effectively struc-
tured and ‘turbulent’ flow converters are 
now in commercial production. Even if 
customized coatings are still at their de-
velopment stage, publications already 
confirm the significant improvement po-
tential of what scientific theory claims.

These new types of substrate are also 
already succeeding in the most powerful 
614 kW sports car, Figure 1, as in modern 
common rail high-volume production 
engines.

 The high-volume oxidation, hydroly-
sis and SCR catalytic converters in HDVs 
and off-road applications are particular-
ly suitable for the new developments. 
The metal converters made from corru-
gated foils featuring a longitudinal struc-
ture (LS) generate a turbulent flow pro-
file that effectively promotes the chemi-
cal conversion on an active catalytic coa-
ting. One part of the catalytically coated 
cell wall is located in the midst of the 
channel flow. Instead of standard oxida-
tion converters, this ensures greater con-
version and allows reduced catalytic con-
verter volumes. This enables cost savings 

to be achieved in particular as far as pre-
cious metals are concerned. Despite a 
volume reduction of at least a quarter, 
these new, turbulent flow substrates are 
as efficient as conventional oxidation ca-
talytic converters with laminar flow.

3  Progress in Soot Particle Reduction

Nowadays in Germany, diesel passenger 
vehicles are predominantly fitted as stan-
dard with ceramic wall-flow particle fil-
ters that store soot and, in most cases, 
burn it off by additionally injected fuel 
after detecting the increase in pressure 
drop above a certain limit. In order to 
achieve a filtration effect in excess of  
90 %, the filter cake needs to be built up 
in such a way that even very fine particu-
late matter can be efficiently trapped by 
this filtration layer structure. 

Back in 2004, MAN introduced into 
series production a new type of metal 
partial flow particulate filter for trucks 
with the brand name PM-Kat® (PM: parti-
culate matter), Figure 2. Like the ceramic 
version, this new metallic bypass filter 

Figure 2: PM catalytic converter for truck applications Figure 3: Metalit NOx adsorber with structured foils
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works on the deep bed filtration prin-
ciple. In contrast to the ceramic wall 
flow type, this filter (which is also called 
PM-Metalit®) consists of steel foils with 
guide vanes that channel a partial flow 
of exhaust gases over a very thin steel 
wire fleece that traps the particles by ad-
hesion. Several filter stages act in series 
to filter the soot from the exhaust. Conti-
nuous particle reduction is achieved by 
means of the CRT process, in which the 
soot is oxidized by oxygen provided by 
the NO2 generated by the engine and the 
upstream oxidation catalytic converter. 
Studies have shown that this partial-flow 
trapping and the CRT process allow effi-
ciencies of 80 to 90 % to be achieved. It is 
particularly designed for the reduction 
of so-called nanoparticles. As regards vi-
sible particulates from older engines, the 
PM weight reductions that can be achie-
ved for passenger cars are between 30 
and 50 % and, for HDVs, between 60 and 
80 %. The continuous and therefore blo-
cking-free operating mode has resulted 
in PM-Metalit becoming the preferred re-
tro-fitting concept.

From today’s modern diesel engines, 
it may be anticipated that further im-
provements in diesel engine combusti-
on will increasingly avoid “heavy” vi-
sible particles larger than approxima-
tely 400 nm, which is to a large extent 
already the case in modern HDVs. This 
highlights the opportunity of new de-
dicated ultra fine soot trapping appli-
cations, including also those in combi-
nation with SCR. 

4  NOx Adsorbers

 As already mentioned, the important is-
sue in the future as far as diesel and lean 
burn SI engines are concerned will be 
the reduction of nitrogen oxides. SCR 
technology has been introduced in HDVs 
and reduces the nitrogen oxides with the 
aid of the ammonia formed by injecting 
urea into the exhaust system in the 
downstream catalytic converter. The CO2 

and global warming debate has given 
new impetus to the leaner, less fuel con-
suming SI engine, which will also require 
de-NOxing due to higher NOx engine-out 
emissions. In the meantime and as an al-
ternative to the SCR process, NOx adsor-
bers, also known as lean NOx trap conver-

ters (LNT), have been used in series pro-
duction and are especially suitable for 
smaller and medium-sized passenger 
cars. Their performance in diesels and 
lean SI engines has nevertheless not been 
satisfactory so far. One has to take into 
account the fact that development is still 
in an early stage. This particularly relates 
to the utilizable temperature range and 
stability at high temperatures.

In Japan, this challenge has been 
addressed through ambitious cooperative 
industrial research projects, based on 
which some surprising results have, on 
occasions, been presented at EU con-
gresses. Other studies show incomplete 
solutions of the problems of efficiency, 
ageing and the excessive use of precious 
metals as well as costs. This means that 
completely new approaches and organic 
improvements are required. According to 
Japanese sources, NOx adsorbers using 
coatings based on potassium materials 
that feature significantly increased NOx-

conversion rates and improved ageing can 
be produced. Using metal foils with a 
„turbulent“ flow profile, Figure 3, they are 
also a very interesting alternative to the 
SCR process applied to engines with lar-
ger displacements. Further potential is 
offered by integrated lambda sensors 
which, when mounted in the rear section 
of the exhaust system, will detect unwan-
ted NOx breakthrough at an early stage, 
and additionally supply information rela-
ting to ageing (see Section 7).

Due to the special coating, the NOx ad-
sorber initially stores the nitrogen oxides 

until all the capacity is used, subsequent-
ly reducing them during a short regenera-
tion phase with additional fuel and con-
verting them to the nitrogen present in 
the ambient air. This endothermic pro-
cess takes place unnoticed by the driver 
and ensures that the NOx adsorber remo-
ves more than 70 % of the NOx in normal 
vehicle operation. In the future, however, 
in order to comply with the strict Euro 5 
limits, more frequent NOx adsorber rege-
neration will be necessary, and this will 
result in increased fuel consumption. 
Another issue relates to the sensitivity of 
the coating to sulphur, which makes the 
use of adsorber technology in many coun-
tries practically impossible. Even with al-
most sulphur-free fuels, de-sulphurization 
cycles are unavoidable. 

NOx adsorbers are already being used 
as standard in SI and diesel engines. The 
high level of the precious metal platinum 
needed for the NOx adsorber coating could 
impose limits on extended usage if the 
market prices continue to rise.  

5  High-performance SCR Systems

Strict limits on exhaust gases in the futu-
re, such as US 2010 or EU6, have been re-
sponsible over the last ten years for the 
fact that SCR (selective catalytic reduc-
tion) – in particular for diesel engines 
with larger displacements – has received 
increasing attention worldwide. Europe-
an HDV manufacturers are demonstra-
ting series functionality in everyday ope-

Figure 4: New, turbulent PT pre-turbocharger, Metalit and oxidation catalytic converters
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ration. An integral component of any SCR 
system is an upstream oxidation catalytic 
converter that oxidizes CO and HC and 
generates NO2. In view of the fact that 
NOx and soot emissions will be subject to 
even stricter limits in the future, a combi-
nation of series soot filters with SCR is an 
obvious solution. The standard SCRT pro-
cess, which is licensed by Daimler, fea-
tures a particulate filter (DPF) down-
stream of the oxidation catalytic conver-
ter that is capable of eliminating a pro-
portion of the soot particles accumulated 
with the help of the NO2 and in ac-
cordance with the above-mentioned CRT 
process. The remaining soot is stored un-
til it is burnt in an active regeneration. 
Downstream of the DPF, the aqueous so-
lution of urea is injected and is sprayed 
into the exhaust gas using a mixer and 
converted to ammonia (NH3) on the fol-
lowing hydrolysis catalyst. This process 
consumes heat from the exhaust gas and 
therefore requires a homogeneous distri-
bution of all species. It could be demons-
trated that a perfect distribution of urea 
and an almost 100 % decomposition to 
ammonia is optimally supported by using 
substrates with coarse-cell mixing design 
(MX) and perforated design (PE), which 
provide a radial gas exchange. This pro-
cess is supported by a hydrolysis coating 
to prevent the formation of by-products 
that cause blockages The NH3 is capable 
of reducing the NOx to nitrogen via the 
SCR catalytic converter. At the SCR reduc-
tion stages, the LS profile enables a more 
complete chemical conversion on the ac-

tive surface as a result of improved mass 
transfer. The perforated flat foils (PE) ac-
tively assist this process, ensuring that 
here too there is a balance of concentra-
tions between the individual flow chan-
nels in the substrate. 

A further clean-up catalytic converter 
can be attached where necessary to pre-
vent NH3 emission. Costly engine-related 
measures such as high-pressure fuel injec-
tion, multi-stage supercharging and high-
grade EGR (exhaust gas recirculation), 
which significantly reduce engine-out NOx 
emissions, keep urea consumption within 
viable limits. The overall expense is howe-
ver considerable. Accordingly, the next 
challenge is how to achieve a considerable 
reduction in system costs. 

In large-scale production and millions 
of miles of useful life, the series diesel 
particulate filter module, Metalit oxi-cat 
plus PM Metalit, can now be combined by 
connecting a second module, the SCR ca-
talytic converter, to form a compact and 
innovative SCRi® system. Urea is injected 
upstream of the bypass flow particulate 
filter, which has a hydrolysis coating and 
thus achieves a dual function of particle 
reduction and ammonia generation. The 
SCR-NOx reduction stage then follows. 
The two-module concept is called SCRi® 
(= SCR integrated) and, due to the conti-
nuous operation implemented here for 
the first time, represents a simpler to con-
trol, compact and cost-effective combina-
tion of series production components. 
The avoidance of regeneration intervals, 
which are unavoidable with wall-flow fil-

ters, eliminates the need to increase the 
exhaust gas temperature to more than 
500°C, and this means that the down-
stream SCR converters are not subjected 
to excessive thermal loads. The SCRi sys-
tem also features the additional benefit 
of a lower pressure drop.

6  Close-coupled or Electrically  
Heated Catalytic Converters 

Cold engine starts up to the point where 
the chemical reactions in catalytic con-
verter systems are activated are beco-
ming increasingly important as passen-
ger car diesel exhaust gases become coo-
ler. For commercial or HDV vehicles, the 
future WHTC (worldwide harmonized 
transient cycle) is set to present a new 
challenge. In the future, therefore, incre-
asing effort will be needed to limit the 
cold start emissions of dynamic test cyc-
les. However, this also applies for LDVs 
and HDVs during continuous operation 
when the engine (and as a result the ex-
haust gases) is cooling down, for example 
during overrun operation, when the wor-
king temperature of the aftertreatment 
is not achieved. 

The pre-turbocharger catalytic conver-
ter, Figure 4, will be a solution for the criti-
cal sections of those test conditions and, in 
addition, also represents a significant cost 
reduction measure due to its turbulent 
flow regime. Over 20,000 “E-cats” have 
been successfully applied in twelve-cylin-
der SI engines, Figure 5, paving the way for 
the SULEV conformity of these engines. 
When it comes to the diesel engine, new 
importance can be anticipated. In additi-
on to extremely fast start-up, it prevents 
undue cooling of the catalytic converter in 
continuous operation in low-load and de-
celeration phases.

7  Future Developments 

Catalytic converters in a close-coupled po-
sition are state-of-the-art technology as 
this position promotes rapid catalytic 
light-off. Further significant improve-
ments can be achieved using the compact 
catalytic converter, which is about to be 
launched in series production. This is a 
single “brick” or cascade metal converter 
(2 bricks). The purified gas flows in a 

Figure 5: Elec-
trically heated 
catalyst
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counter-direction in a surrounding gap. 
The gas inlet and outlet are therefore loca-
ted on the same side. This saves space and 
minimizes the amount of mass to be hea-
ted up and heat inertia can be utilized 
during cooling down, which will be of cri-
tical importance for both SI and diesel 
engines in future. Primarily for those ap-
plications in which the catalytic conver-
ter needs to be flange-mounted directly 
on the turbocharger, the compact cata-
lytic converter represents an ideal and 
cost-effective design. 

 State-of-the-art catalytic converters are 
monitored by a number of lambda (oxy-
gen) and temperature sensors. In the futu-
re, it is anticipated that further sensors 
will be added to these, for example for the 
measurement of nitrogen oxides and hy-
drocarbons. In addition, wherever systems 
are close-coupled to the engine, the instal-
lation of the sensors frequently poses a 
problem due to space constraints.

Catalytic converters featuring an in-
tegrated lambda sensor, Figure 6, are al-
ready successful in series production. 
The position within the substrate pro-
tects the lambda sensor against conden-
sed water, Figure 7, because any humidi-
ty will be absorbed by the coating and 
then evaporated. As a result of this pro-
tection, the lambda sensor can immedi-
ately be heated after an engine start and 
therefore has the ability to control the 
air/fuel ratio to an optimum in the shor-
test possible time. This offers the oppor-

tunity to reduce cold start emissions 
considerably. In the case of ceramics, re-
cesses are milled into the front faces of 
the honeycomb structures and arranged 
in such a way as to create the necessary 
opening. Holes are also drilled into the 
brick and these must be at a safe clea-
rance from the front faces. 

The construction of the metallic coun-
terpart consists of the mantle carrying 
the flange to mount the sensor. The ca-
vern is pre-manufactured by holes stam-
ped into the foil. Winding-up the matrix 
foils to a S-shape design forms the space 
for the sensor. These may be located close 
to the front faces, and more than one can 
easily be applied. In the case of the PE de-
sign in particular (the corrugated and 
flat foils of the substrate are perforated), 
the exhaust gas is mixed more thorough-
ly within the catalytic converter, so that 
individual cylinder-related effects, for ex-
ample, which produce uneven lambda 
sensor signals are significantly reduced. 
As a result of these effects, costs can be 
reduced.

8  Summary

The optimal interplay over time between 
environmental regulations and the intro-
duction of new technologies in all sectors 
of emissions and immissions will generate 
markets for further innovations. This sup-
ports the need for stronger environmental 

protection in the light of a worldwide 
growth in individual mobility. A direct in-
fluence on the competitiveness of vehicle 
manufacturers and suppliers can be obser-
ved. Faster improvements and ambitious 
results could be achieved if longer-term 
environmental targets could be set in or-
der to stimulate investment. 
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Figure 7: Lambda 
sensor catalytic 
converter for 
 improved lambda 
and cold start 
control 

Figure 6: Enhanced performance with low installation space: lambda 
sensor catalytic converter with a PE design
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