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Die selektive katalytische Reduktion (SCR) ist breit angewendet, um die NOx Emissionen
der Nutzfahrzeuge zu mindern. Es gibt manche Hersteller und manche Anwendungen
von SCR als Nachriustsysteme (meistens fur die ,Low Emission Zones" LEZ und in Ver-
bindung mit einem DPF).

Im Auftrag der Schweizer Behdrden hat AFHB einige SCR-Systeme, oder (DPF+SCR)-
Systeme auf Nutzfahrzeugen untersucht und einfache Qualitatspriifprozeduren dieser
Systeme vorgeschlagen. Diese Prozeduren kénnen insbesondere fir die Zulassung der
Retrofit Systeme gebraucht, jedoch auch fur die Qualitatsprifung der OEM-Systeme
nutzlich werden.

Der Kurzname des Projektes ist TeVeNOXx ,Testing of Vehicles with NOx reduction sys-
tems"®.

Alle untersuchten und auch am Markt verfigbaren Systeme nutzten Urea-Wasser-
Lésung (Ad-Blue) als Reduktionsmittel.

Die Tests wurden am Nutzfahrzeug-Rollenprufstand bei Stationdren Betriebspunkten und
auf einer wiederholbaren Fahrstecke auf der Strasse durchgefiihrt. Die Messungen wur-
den gemaéss der Testprozeduren durchgefiihrt, welche in dem internationalen Netzwerk-
Projekt VERT*)dePN (de-activation, decontamination, disposal of particles & NOx) entwi-
ckelt und in dem vorliegenden Projekt TeVeNOx angewendet wurden.

Wahrend der Tests wurde fiir CO, CO,, HC, NOx und NO, das AFHB-Feld Messgerat
gebraucht.

Fur NOx wurden der Doppelreaktor-CLD, der elektrochemische Sensor Horiba MEXA
120 und die NOx-Sensoren (CPK) verwendet.

Es gab einige DPF-Systeme an den untersuchten Fahrzeugen und die Nanopartikel-
Abscheide-grade wurden getestet.

In manchen Fallen wurden die Nutzfahrzeug-Rollenprifstinde der Projektpartner
(DINEX, EC-JRC) gebraucht.

Als allgemeine Schlussfolgerungen kann gesagt werden:

e die Grundlage der Prozeduren zur Qualitatsiiberprifung der SCR-Systeme sind erar-
beitet,

¢ die SCR-Systeme sind bei tieferen Temperaturen < 200°C nicht aktiv,

e Testen der SCR-Systeme am Fahrzeug ist wichtiger, als das Testen der DPF-
Systeme am Fahrzeug und dies ist eine einfache und kostengiinstige Méglichkeit der
Qualitatstiberprufung,

o die durchschnittliche NOx-Reduktionsrate héangt von dem Arbeitskollektiv des Fahr-
zeuges ab — beim Niederlast —, Kalt — und unterbrochenen Betrieb (HEV) gibt es tiefe-
re NOx-Reduktion, oder keine NOx-Minderung,

e Probenahme mit Impingers mit der anschliessenden Spurenanalytik sind geeignete
Werkzeuge, um spezifische nichtlimitierte Emissionskomponenten nachzuweisen; fr
schnelle und einfache Uberpriifung ist diese Methode nicht geeignet.

Zusammenfassend darf bemerkt werden, dass die Forschungsarbeiten das TeVeNOXx
Projektes verschiedene neue Aspekte gezeigt haben.

Die Qualitdt und die Funktionalitdit der SCR-Systeme fir Nachristung kénnen prob-
lemlos Uberprtft werden.

October 2013 7
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Beim Testen der OEM-SCR Systeme gibt es manchmal etwas Schwierigkeiten mit: phy-
sischer, oder elektronischer Zuganglichkeit, mit verschiedenen Programstrategien der
OBD, Unmadglichkeit der Einflussnahme auf Urea ,cut-off* und mit der Temperaturschwel-
le der NOx-Sensoren.

Trotzdem, mit Ricksicht auf diese Beschrankungen kann die SCR Qualitatskontrolle mit
den erarbeiteten Methoden durchgefiihrt werden.

Die Qualitat der gepriiften (DPF+SCR)-Systeme war meistens sehr gut.
Der vorliegende 12te Bericht zeigt die ausgewahlten, wichtigsten Resultate vonTeVeNOX.

Alle Resultate und detaillierte Informationen Uber jeden Arbeitsabschnitt sind in den 11
vorherigen Arbeits-berichten gegeben, siehe Literatur, [38-48].

*) Abkurzungen: siehe am Ende dieses Berichtes, S. 59
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La réduction catalytique sélective (SCR) est largement utilisée pour la réduction des
émissions de NOx des véhicules utilitaires.

Il'y a des fabricants et des applications de systemes SCR pour I'équipement ultérieur (re-
trofitting) — le plus souvent pour les zones de protection de I'air (ZAPAS) et en combinai-
son avec le FAP (filtre a particules).

Sur mandat des autorités suisses, I'AFHB a testé différents systéemes SCR, ou
(DPF+SCR) sur les véhicules lourds et a proposé des procédures simplifiées de tests de
qualité de ces systémes. Ces procédures peuvent étre utiles pour 'admission des sys-
téemes de traitement des gaz « retrofit », mais aussi pour le contréle de qualité des sys-
téemes OEM (original equipment manufacturers).

Le nom abrégé du projet est TeVeNOx « Testing of Vehicules with NOx reduction sys-
tems ».

Tous les systemes testés, et commercialement disponibles sur le marché, ont utili-sé une
solution acqueuse d'uréa (Ad-Blue) comme agent de réduction. Les tests ont été exécu-
tés sur le banc a rouleaux pour véhicules lourds aux modes d'opération station-naires,
ainsi que sur un trongon routier répété plusieurs fois. Les investigations ont été exécu-
tées selon les procédures établies dans un projet-réseau international VERTdePN*) (de-
activation, de-contamination, disposal of particles & NOXx) et appliquées dans le pré-sent
projet TeVeNOX.

Pour les composants gazeux CO, CO,, HC, NOx et NOx l'appareillage de 'AFHB pour
les mesures sur le terrain était utilisé.

Pour les NOx les analyseurs : CLD a double réacteurs, le capteur électronique Ho-riba
MEXA 120 et les capteurs NOx (CPK) ont été utilisés.

Il'y avait quelques systemes FAP installés sur les véhicules testés et le taux de filtration
des nanoparticules (granulométrie) a été examiné.

Dans certains cas, les bancs a rouleaux des partenaires du projet (DINEX, EC-JRC) ont
été utilisés.

Nous pouvons donc tirer les conclusions générales suivantes :

¢ les bases des procédures du contrdle de qualité des systemes SCR sont éta-blies,

e atempérature plus basse < 200°C les systemes SCR ne sont pas actifs,

¢ le controle des systemes SCR sur le véhicule est plus important que le con-trole des
systemes FAP sur le véhicule et il offre une méthode de surveillance de qualité simple
et peu colteuse.

¢ le taux de réduction moyen des NOx dépend du collectif de charge du véhicule — a
basse charge, aux modes d'opération a froid et opération intermittente (HEV), il y a
une réduction limitiée des NOx ou pas de réduction,

¢ la prise d'échantillon par « impinger » avec I'analyse des traces est un outil pour dé-
tecter les émissions des composants spécifiques non-limités; pour un contrdle simple
et rapide néanmoins cette méthode n’est pas appropriée.

En résumé, nous constatons que les travaux de recherche TeVeNOx ont montré dif-
férents nouveaux aspects.

La qualité et la fonctionnalité des systemes SCR pour « retrofitting » peuvent étre faci-
lement contrélées.

October 2013
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En testant les systemes SCR OEM, on peut rencontrer certaines difficultés comme : ac-
cessibilité physique et électrique restreinte, différentes stratégies des programmes OBD,
impossibilité d’influencer le cut-off de I'uréa et des seuils de température des capteurs
NOx. Néanmoins, avec considération et adaptation a ces limites, le contréle de qualité
des systémes SCR peut étre exécuté avec les méthodes établies.

La qualité des systéemes testés (FAP + SCR) était dans la majorité des cas trés bonne.
Le présent rapport, 12éme du nom, montre les résultats choisis les plus importants. Tous

les résultats et les informations détaillées de chaque étape du travail sont donnés dans
les 11 rapports précédents, voir litérature, [38-48].

*) abréviations: voir page 59 a la fin du rapport
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The selective catalytic reduction SCR is extensively used for NOx reduction of recent HD-
vehicles.

There are some manufactures and some applications of SCR as retrofit systems (mostly
for the low emission zones LEZ and in combination with a DPF).

In charge of Swiss authorities AFHB investigated several SCR-systems, or (DPF+SCR)-
systems on HD-vehicles and proposed a simplified quality test procedure of those sys-
tems. This procedure can especially be useful for the admission of retrofit systems but it
can also be helpful for the quality check of OEM-systems.

The project short name is TeVeNOx “Testing of Vehicles with NOx reduction systems”.

All investigated and commercially available systems used urea-water solution (Ad-Blue)
as reduc-tion agent (Exception was one special system for retrofitting NOXOFF).

The tests were performed on HD chassis dynamometers at constant operating points and
on a road circuit. The investigations were performed according to the procedures estab-
lished in the international network project VERT*)dePN (de-activation, de-contamination,
disposal of particles & NOx) and applied in the present project TeVeNOXx.

During the tests the AFHB field measuring technics was used for CO, CO,, HC, NOx and
NO2.

For NOx the double-reactor CLD, the electrochemical sensor Horiba MEXA 120 and the
NOx sensors (CPK) were used.

There were some DPF systems on the investigated vehicles and the nanoparticle filtra-
tion efficiency was tested.

In some cases the HD chassis dynamometers and the measuring systems of project
partners (DINEX, EC-JRC) were used.

As general conclusions it can be stated:

e The foundations for the quality verification procedures of SCR-systems are estab-
lished,

e The SCR-systems are not active at lower temperatures < 200°C,

e SCR-testing on vehicle has more importance than DPF testing on vehicle and is a
simple & low-cost tool for quality check,

e The overall average NOXx reduction rate depends on the operating profile of the vehi-
cle — for low-load, for cold operation and for interrupted operation (HEV) there are
lower NOx reduction efficiencies, or there is no reduction at all,

e Sampling with impingers with the following analytics of traces is approximately 1 order
of magnitude more sensitive for Ammonia and 3 orders of magnitude more sensitive
for Isocynic Acid. This method is an appropriate tool to detect specific non-legislated
emission components; for a “quick-check” nevertheless it is not applicable.

Summarizing it has to be stated that the research works of the project TeVeNOx have
shown several new aspects.
The quality and functionality of a retrofit SCR system can be easily tested.

Testing of the OEM-SCR system is a little more difficult, due to less physical and elec-
tronical ac-cess, different program strategies of the OBD-system, impossible urea cut-off

October 2013 13
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and activation tem-perature threshold of the NOx-sensors. Nevertheless a quality check
of SCR is possible with the applied test procedures.

The quality of the investigated DPF+SCR systems was in most cases very good.
The present 12th report represents the chosen, most important results of TeVeNOx. All

results and detailed information about each working package are given in the 11 preced-
ing working reports, see literature, [38-48].

*) Abbreviations: see at the end of this report, page 59
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Combined systems DPF+SCR

DPF+SCR

The combination of particle filtration (DPF) and of the most efficient deNO, technology
(SCR) is widely considered as the best solution, up to date, to minimize the emissions of
Diesel engines. Intense developments are on the way by the OEM'’s and a lot of research
is performed, [1-14].

Several authorities worldwide try to promote the clean technologies by incentives, or cre-
ating low emission zones (LEZ). Due to that also the retrofitting market of combined sys-
tems (DPF+SCR) is developing.

The removal of NO, from the lean exhaust gases of Diesel engines (also lean-burn gaso-
line engines) is an important challenge. Selective catalytic reduction (SCR) uses a sup-
plementary substance — reduction agent — which in presence of catalysts produces useful
reactions transforming NO, in N, and H,O.

The preferred reduction agent for toxicological and safety reasons is the water solution of
urea (AdBlue), which due to reaction with water (hydrolysis) and due to thermal decom-
position (thermolysis) produces ammonia NH3, which is the real reduction substance.

A classical SCR deNO, system consists of 4 catalytic parts:

e precatalyst converting NO to NO, (with the aim of 50/50 proportion)

e injection of AdBlue (with the intention of best distribution and evaporation in the ex-
haust gas flow)

o hydrolysis catalyst (production of NH3)
e selective catalyst (several deNO, reactions)
e oxidation catalyst (minimizing of NHj; slip).

The main deNO,-reactions between NH3z;, NO and NO, are widely mentioned in the litera-
ture [12, 14, 15, 16, 17], see_annex Al. They have different speeds according to the tem-
peratures of gas and catalysts, space velocity and stoichiometry. All these influences
cause a complex situation of reactions during the transient engine operation.

Additionally to that there are temperature windows for catalysts and cut off the AdBlue-
injection at low exhaust gas temperatures to prevent the deposits of residues.

Several side reactions and secondary substances are present. An objective is to mini-
mize the tail pipe emissions of: ammonia NHs, nitrous oxide N,O, isocyanic acid HNCO
and ammonium nitrate NH, NO3 (also known as secondary nanoparticles).

Intense further research about the solutions of problems of the present systems and
about new developments is going on. To mention are:

e deposits of urea related substances (urea, cyanuric acid, ammonium nitrate), [16, 17,
18],

e measuring accuracy of NO, in presence of NHs, [19, 20, 21],
e other reduction agents, [22, 23],
e AdBlue dosing and homogenous distribution [24],

e construction variants of DPF+SCR and their influences on functionality, warm-up, du-
rability etc., [11, 12, 13].

October 2013
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Very rapid and extensive activities about deNOx and SCR take place actually in academ-
ia, in research & development and in industry, this is well demonstrated by the numerous
technical conferences, which are organized about this topic in the last years.

VERT quality test procedures for DPF — former research
work
(The present tests were with approved DPF, chap. for information only)

VERT verification procedure of DPF systems for retrofitting was developed in Switzerland
since beginning of 90-ties.

It was a joint project of occupational insurance agencies from Switzerland (SUVA), from
Austria (AUVA) and from Germany (TBG) concerning reduction of emissions of real (ac-
tual present) machines in tunnel construction, [25, 26, 27].

The objectives of VERT were to create a communication and understanding between in-
dustry, authorities and customers and to guarantee the technical quality and efficiency of
products, to protect health and environment.

In the initial phase VERT activities were sponsored by the occupational insurances from
Switzerland, Austria and Germany and after that it became self-supporting.

The quality testing of DPF system consists not only of testing the filtration efficiency, but
checking all necessary subsystems, like regeneration systems, control systems, sensors
and fulfilment of several general requirements of quality and security.

Additionally to the engine dynamometer tests very important points of the testing proce-
dure are:

e 2000 hours filed test,
e analytics of secondary emissions in justified cases.

It was recognized very quickly in the VERT project, that the retrofitting with DPF is a most
efficient measure to eliminate radically the particle emissions of Diesel engines in under-
ground. To introduce the DPF-systems for retrofitting it was necessary to establish: the
quality criteria and quality test procedure, field control and appropriate support to the us-
ers.

One of the most important statements of VERT is, that the validation of filtration efficiency
of a DPF by means of particle mass PM (legal parameter up to date) is not sufficient and
sometimes misleading.

In several cases, particularly with a presence of some catalytic substances in the DPF,
sulfates can be produced (only the sulfur from lube oil can be sufficient for that), which
pass the DPF as vapor and condensate afterwards on the PM-measuring filter. In an ex-
treme case this can cause, that the DPF, which filters perfectly the solid particles (NP, EC
e.g. 98%) seems to double or triple the particle mass (PM).

The filtration efficiency of a DPF can be properly judged only for the solid particles. In this
context the nanoparticles are considered in VERT as the most important criterion, [28,
29]. A complementary information is given by a coulometric analysis of elemental carbon
(EC) from the collected PM of the filter residuum.

The nanoparticulates can be measured with different methods and due to the aptitude of
penetrating very easily into the living organisms they are regarded as very dangerous for
health, [30, 31, 32].

Since 2001 there are discussions in the international legislative expert groups about pos-
sibilities of introducing the NPs as a legally limited parameter — Particulate Measurement
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Program (PMP) of the UN Working Party on Pollution and Energy (GRPE), [33, 34, 35, 36].

These efforts allowed the introduction of nanoparticles as a supplementary limited pa-
rameter into the European legislation for passenger cars with Diesel- and with DI-Otto
engines, starting in 2011.

For some systems, which use catalytic coatings, or fuel additives, or combinations of both
of them a VERT secondary emission test (VSET) has to be performed.

For retrofitting with combined systems (DPF+SCR) quality testing and fulfiiment of certain
criteria are necessary both: for the user and for the authority.

The Swiss VERT Network performed and is continuing the works to include the deNOx-
systems (SCR, EGR, storage catalysts) in the VERT verification procedures (VERTdePN
Programm).

TeVeNOx-testing (VERTdePN) for DPF+SCR

Research subjects and objectives

A general objective of VERTdePN is to include the combined systems DPF+SCR in the
test procedure, which was previously developed for DPF only.

Since the stationary testing of SCR for on road application is not sufficient any more, a
simplified dynamic test procedure, which nevertheless is representative for the real world
operation, has been found.

Different variants of catalyst and/or their sequences used for different types of SCR sys-
tems, different sequences of DPF and SCR, different possibilities of introduction, homog-
enization and control of urea and finally different applications offer a large multitude of
cases. This was considered during the tests according to the given systems.

For the VERT DPF quality procedure the research objectives were:
» filtration quality

» durability

» control - & auxiliary systems

» secondary emissions.

The new objectives for a SCR system in the VERTdePN tests are:
NO, reduction

NO,- and / or NH3z- slip

temperature window

dynamic operation

field application & durability

auxiliary systems

» further secondary emissions.

VVVYVVY

The main structure of VERTdePN tests for SCR is similar, as the preceding VERT activi-
ties for DPF:

e Quality test and basic investigation on dynamic engine dynamometer, or on a repre-
sentative HD-chassis dynamometer,

e Supervised field test 1000h,
e Analytics of unlimited- and secondary emissions (if required).

When the DPF of the combined system is already approved by VERT, only simplified
tests for the SCR-part will be necessary.
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TeVeNOx-testing procedures on vehicles

Testing on vehicle in VERT for DPF-systems has the main objective to verify the durabil-
ity and first of all the reliability of the system regeneration.

The filtration efficiency of DPF is independent on vehicle, of the working profile, of posi-
tion in the exhaust system etc.

For the SCR-systems the influences on the deNOx-efficiency are much more complex:
the temperature profile in exhaust system influences the urea dosing and the efficiency.
The multiple chemical re-actions in the SCR-system can be influenced by the urea mix-
ture preparation by the position and ge-ometry of the SCR-system in the vehicle exhaust
line.

Beside the long-life functionality there is sometimes a need to check the efficiency and
some unregu-lated emission components of a new system.

The ageing of SCR-catalysts lowers the conversion rates (this in opposite to DPF-
materials, which increase the filtration efficiency with ageing).

The reliability of urea injection, dosing and mixing, as well as the limitation of production
of deposits are another important objectives of the long-life-testing.

In this situation the vehicle testing gains much more importance.

Vehicle testing of the combined systems was started in the VERTdePN project together
with the man-ufacturers and users of those systems.

In the project TeVeNOXx the vehicle testing is continued on several vehicles. Three types
of test proce-dures are used to fulfil the objectives, which were elaborated in the
VERTdePN project. These test procedures are on HD-chassis dynamometer and on the
road.

Following sections describe briefly the actually used procedures, [37].

HD chassis dyno (VPNT2 & VPNT3, TeVeNOx test Type 1)

The tests on HD chassis dyno shall enable application of more extended analytics and
deeper control than the testing on the road.

The tests on HD chassis dyno shall be performed with a combined system (DPF+SCR) in
the frame of product quality testing twice:

e at the beginning of the field test VPNT2 and
e at the end of the field test as VPNT3.

The testing procedure is at steady state operating points with registering of data during
the load transitions.

The test objectives and measuring parameters are:
o filtration efficiency of the DPF:
- apparatus (alternatively): CPC, SMPS, PAS, DC, or DiSC

The filtration efficiency does not need to be investigated for the VERT/LRV-approved
DPF’s.

e quality of the original NOx-sensors of the SCR:
- apparatus: NO, NO,, NOx external CLD, access to the original NOx-signals,
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datalogging of (p, T) before system:

- apparatus: datalogger installed and operative as for field test, remote control (if
available),

switch-on/off temperature of urea dosing:

- SW-procedure: warm up at low load and transition to the higher load with all nec-
essary data acquisition; after approx. 30s at high load go back to the low load. This
procedure should be repeated 1 or 2 times, documented and be a reference for the
control after field test (VPNT3).

NOx reduction efficiency:

Calculated from the results at higher operating point with urea dosing (other operating

points with the required range of exhaust gas temperature can be used, according to

the necessity).

The NOXx reduction efficiency (RE) is calculated:

RE _ NO, before - NO, after 100%
Nox T NO, before * °

before, after SCR (or system)

Instead of measuring “before” system the results “without” systems as reference can be
used.

Unregulated components:

NO, .. CLD

NH; ... double reactor CLD & impingers with integral sampling over a defined
operational profile (sporadic measurement for special requirements).

HNCO ... impingers with integral sampling over a defined operational profile

(sporadic measurement for special requirements).

After the HD chassis dyno test it is possible to state, that the system and the datalogger
control are well prepared for the field test.

The results of NOx reduction in a simple, repetitive operation collective enable the state-
ments about the ageing and functionality after the field trial.

Field control (VPNT2, TeVeNOx test Type 2)

In this test of 1000h the durability of the system (DPF+SCR) has to be indicated by
means of datalogging (p, T, NOx before/after). The control has to be performed and doc-
umented by the user (log book).

The VERT inspections with field measuring apparatus have to take place at the beginning
and at the end of the field test period.

At the end a test on chassis dyno (VPNT3) as described above has to be performed.

Short acceptance test (TeVeNOx test Type 3)

The short acceptance test belongs to each retrofit system (retrofitter quality control).

It consists of following procedures:

installation by the retrofitter,
standstill measurement of particle filtration and noise (like VERT DPF),

approx. 10 km test route with 2 NOx -sensors upstream/downstream (original sen-
sors),
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e urea switch off at idling,

e control system, mal function indication, tampering,

e documentation of start of operation signed by retrofitter and owner,
e documentation for submission to the local authority.

Road benchmarking (SNORB, TeVeNOx test Type 2)

The real world road benchmarking was proposed to find the correlations of de NOx re-
duction efficiency between:

e laboratory results on engine or chassis dyno and real world results of a given
(DPF+SCR) system,

e OEM vehicles with SCR and similar retrofitted vehicles in identical driving profiles on
road,

e low load operation, high load operation and legal limit values for OEM vehicles with
SCR.

The tests can be performed with a given vehicle (truck) on a similar test loop in identical
traffic situation with/without urea dosing. The NOx-measurement can be performed by
means of a portable on-board apparatus with on-line storage of the data. The driving
speed and the exhaust temperature of vehicle can also be registered to give the infor-
mation about the performed operating profile and about active or inactive SCR.

This method is not very exact in the strict mathematical sense, but it yields very useful
average information about the deNOXx rates.

The road benchmarking is easy to perform and could be used by the authorities to verify
and to classify the real efficiencies of deNOx systems in the given conditions. Road
benchmarking is not required in the VERTdePN quality procedures.

Fig. 01 represents the scheme of both testing procedures: VERTdePN and TeVeNOx

TeVeNOx VERTdePN

3 Types of Vehicle Tests Research Product Standard Testing
|
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Fig. 01: VERTdePN and TeVeNOXx testing procedures for (DPF+SCR) combisystems
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The functionality of exhaust aftertreatment systems consisting of DPF and urea SCR has
to be tested on HD-vehicles.

The tests have to be performed on vehicle on a HD chassis dynamometer and on the
road.

A special attention has to be paid to the NOx measurement and to the resulting NOx re-
duction rate.

For some of the applied DPF systems the nanoparticle count filtration efficiency has to be
tested.
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Test vehicles

Two busses and seven trucks with SCR-systems or with combined (DPF+SCR) - systems
were investigated during the project. Table 1 gives the overview of the vehicles, of the
used exhaust aftertreat-ment systems and the short indications (A, B, C...) used in the
representation of results.

There was little information about the used SCR-systems. All of them used Vanadium-
based SCR-catalysts and AdBlue as reduction agent. (One exception is the NOXOFF ret-
rofit system, which uses Ammonium Hydroxide (10% NH; in H,O as reduction agent —
system no more in production).

Table 1: Investigated vehicles & exhaust aftertreatment systems

Vehicles Exhaust system
DINEX
Bus Volvo
A 180 kW DPF+_SCR
retrofit
B Bus volvo Hybrid OEM
158 kW DPF+SCR
Mercedes
(3 Actros 300 kW gggl
570 km
Mercedes
D Actros 300 kw gggl
500520 km
MAN TGS OEM SCR
E 397 kW +
220 km DPF retrofit
Mercedes
OEM
F Actros Blutec 6
330 KW 12000km CRT+SCR
DAF Truck
G 340 KW OEM SCR
H OEM SCR 0 KM
MAN TGS
400 kw OEM SCR
84.9 T km
NOXOFF
Mercedes
J Actros 260 kw DPFJ'.SCR
retrofit

The data and some details of measuring set-up for all investigated vehicles are repre-
sented in annex A2.
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At each tested vehicle different sampling positions were prepared to enable the meas-
urements with different analyzers and sensors.

In some cases, because of little space it was not possible to apply the sampling position
before the system.

Fuels and Lubricants

As fuel the market Diesel according to EN 590, with sulfur content < 10 ppm was used. In
one case (vehicle G) a part of tests was performed at bi-fuel operation Diesel-GNG.

Engine lube oils were applied according to the requirements of engine manufacturers.
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Test equipment for exhaust gas emissions

The Laboratory for Exhaust Emissions Control (AFHB) of the Berne University of Applied
Sciences Biel-Bienne, Switzerland is charged by the Federal Office for Environment
(BAFU) to perform the field control of machines and vehicles, which are retrofitted with
the DPF's.

For the control of gaseous emissions an Anapol EU-5000 portable exhaust gas analyzer
with heated line is used. Following components are measured:

CO, CO, infrared detector NDIR
HCIR infrared detector (HC 6), NDIR
NO, NO,, O, ... electrochemical cells.

Other NOx-measuring instruments were used for comparison:
e Eco Physics CLD 822 ht with heated line, (abbreviation 2 CLD; double reactor CLD),

e Horiba MEXA 120 electrochemical NOx-sensor up- and downstream of the DPF-
system, (sampling position SCR upstream if possible).

e CPK NOx-sensors up- and downstream of the SCR-system.

In research laboratories, which have at their disposal other measuring systems, like FTIR,
Horiba, AVL etc. These systems are used and are considered as excellent and sufficient
alternatives for the quality testing.

The validation of the DPF filtration efficiency was not a primary objective of this project,
but nevertheless some controls were performed.

Particle Size Analysis

The particle size and counts distributions are analysed with following apparatus:
SMPS — Scanning Mobility Particle Sizer, TSI (DMA TSI 3081, CPC TSI 3010 S)

NanoMet — System consisting of:
- DC - Diffusion Charging Sensor (Matter Eng. LQ1-DC)
- MD19 tunable minidiluter (Matter Eng. MD19-2E).

Thermoconditioner (TC) (i.e. MD19 + postdilution sample heating until 300°C)

Particle measuring system was used, to check and confirm the filtration efficiency of the
used DPF systems.
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The vehicles were tested on HD chassis dynamometers and on the road.

The concept of the testing procedures was set to enable the use of simpler chassis dy-
namometers, which are able to perform a power braking only at constant operation. In
case of a dynamic chassis dyno was available; the dynamic cycles on chassis dyno could
replace the road-driving.

On the HD chassis dynamometer at least 3 operating points of the engine were per-
formed. The injec-tion of reduction agent was switched on and off by means of changing
the operating points of the engine.

On the road the same route was driven once with active and once with inactive urea in-
jection accord-ing to the possibility. The driving speed was registered by means of GPS
and NOx and tailpipe tem-perature were measured on-line.

For the retrofit systems it is possible to deactivate the reduction agent injection (RAIl) by
means of the system-ECU. By the OEM-SCR-systems this access is not given and to ob-
tain the reference values on-road without active SCR sometimes the urea injector was
removed from the exhaust/pipe and the Ad-Blue was injected to an external recipient — an
intervention, which is no more possible with the last generation of OBD.

An example of a road circuit is given in annex A3.
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All investigated SCR systems were with Vanadium-based SCR-catalyst and with urea in-
jection. A ret-rofit system NOxOFF used 10% NH; solution in water (Ammonium Hydrox-
ide), see chap. 4.1.

Generally it was little information given about the SCR systems. There was also no ac-

cess to the ECU of the OEM-systems and the urea switch-off could not be realized by
electronic control.
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In present report only the examples of mostet important results are represented. All de-
tailed results and information are given in the reports of each working package, [38-48].

NOx reduction all vehicles

Table 2 summarizes the average NOx reduction rates of all investigated vehicles.
(Vehicle J, NOXOFF is no market-deNOx-system).

The most important experience is that the average NOXx reduction efficiency in on-road
transient operation is lower, than in the constant operating points (on chassis dyno). This
is due to:

e low load periods with no urea dosing,
¢ low load periods with urea dosing, but with colder SCR catalyst,
e cold and warm-up periods with no urea dosing.

An extreme example is low-load, often interrupted operation of a hybrid bus, where over
whole day there is no registered work of the SCR-system (winter period, undefined trips).

Several remarks concerning the tests or experience are given in Table 2 for each vehicle.

To mention are:

e the NOx sensors (UDS, CPK, OEM) are a useful tool in warm operation to control the
deNOx efficiency,

o if the RAI is placed close to the turbocharger (in OEM application) it is not useful to
place a CPK-NOx sensor for datalogging downstream of the RAI-point (no useful sig-
nal from the sensor possible),

e in OEM SCR when the wheels of vehicle stop, the urea dosing is also stopped auto-
matically,

e the higher load of truck increases also the engine load in on-road operation; empty
trucks have lower KNOX,

e the controlled OEM DPF’s had excellent filtration quality PCFE > 99.5%,

¢ the investigated CNG retrofit system for bi-fuel operation “Diesel-CNG” showed in-
creased emissions of CO, HC, aldehydes and SO, and relatively low NOx-conversion
rates.

Further details of results are given in the following sections.

In general: the quality of a SCR system concerning the maxiumum NOX reduction poten-
tial is visible in the present tests at stationary warm operation (here in average 85%).

In the performed transient road operation the temperature level in the exhaust system is

lower as well as the average deNOx-efficiency. Eliminating the results with very low oper-
ating collectives the average deNOx rate of 60% results.
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Table 2: Average NO,-reduction rates of investigated vehicles

KNOx
Vehicle Exh. Syst. Remarks
OP150 km/h | OP2 70 km/h transient
DINEX
FIGE 80%
Bus Volvo DPF + 80% 88% road UDS UDS sensors useful
180 kW SCR
. 88%
retrofit
Bus Volvo P undefined trips
Hybrid 158 (DDE:;/LSCR not mee;sured ® | not mea_sured *) I’6026(1;1 (;I(I’)(g/ult KNOX= 30-67%
KW 0- 170 no chassis dyno tests
e no CPK sensor down-
Mercedes stream RAl-injection
Actros 300 OEM - point
kw SCR 95% 88% *) » wheels-stop-RAl stop
570 km e tractor only — no
circuit with RAI
Mercedes road circuit wheels-stop-RAI stop
Actros 300 OEM 78% 88% average e circuit with RAI, with
kw SCR 42% trailer
500520 km
e cDPF PCFE 99.5%
e steps: NOo/NOx 1
MAN TGS _?EM SCR Zv(r)l?eil)sarstt?; OILAI stop
0 - - ® - -
g% tw DPF retro- 84% » » * no SWOFF
m fit ® Nno circuit
e impingers
Mercedes e CRT PCFE 99.9%
Actros Blu- P e impingers
tec 6 SE'IM +SCR 94% 91% gog%;j_glg(;/wt ¢ CLD on road
330 kW 0 0 e 6 trips estimate of KNOX
12000 km
Diesel Diesel FIGE, Diesel
340 kw SCR Diesel/CNG Diesel/CNG FIGE D/CNG SO,1 ’ ’ ’
27% 55% 19%-50%
MAN TGS OEM road trip aver- Irgzdo;g;ti;g collective
400 kW SCR 84% 69% age wheels stop — RAI stop
84970 km used 20% « CLD on road
: road circuit:
MAN TGS gggl 920 7504 road trip aver- low operating collective
400 KW 0 0 ag? wheels stop — RAI stop
new 20% e CLD onroad
Mercedes
Actros ggé?ggR - - 0% 10% NHs in H;0; system
260 kW trofit *) *) 0 no more in production
112:000 km | €N
average of present o o
KNOx.values 86.7 83.2 in mixte on-road driving
: : . . there are lower average
(W'thOUt V?hlde ) temperatures of exhaust
without vehicles H & | 60% system
all results 51%
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Stationary operation

Urea switch on/off & different feed factors

Fig. 1 shows the time-plots of emissions and exhaust gas temperatures in the steps-
cycle: idling — 2 constant speeds — idling. The steps-cycle was repeated exactly in the
same way for tests with RAI and with different feed factors a = 0.75 and a = 0.85. The
exhaust gas temperatures show the warm-up of the exhaust system by passing to the
higher engine loads and the thermal inertia of the exhaust system by passing back to the

idling.

The urea switch-on (SWON) is visible after approximately 8 min operation at v = 44 km/h
— there is a jump-down of NOx & NO,. Before that the NO, started to increase, because

of the cDPF warming up.

At the higher speed v = 78 km/h there is a slight emission of NH3, which decreases after
switching down to idling. This emission is much higher with a = 0.85 and it suggests an
eventual short overdosing during the load jump from 44 km/h to 78 km/h. This can be-
come a source of some residues in the system, which in turn produces a supplementary
emission of NH3 at increasing temperature until being consumed (or until the temperature
has been lowered). This mechanism of overdosing and residues is confirmed for both

feed factors a.

Summarizing the most important results from Fig. 1 it can be stated, that:

o the active RAI reduces significantly NOx and NO,,

o the reduction rates of NOx (KNOXx) are at the lower vehicle speed in the range of 77%
and at the higher vehicle speed in the range of 87% (with a = 0.75),

e the higher feed factor (a = 0.85) increases slightly KNOXx, but also increases signifi-
cantly the NHs-discharge at higher vehicle speed.
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Fig. 1. Step test with different dosing rate after 1000h; retrofit system cDPF & SCR; dos-
ing: not activated / 0.75 / 0.85; vehicle A; ULSD; chassis dyno DINEX
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There were no significant emissions of N,O, during the first 3 steps of the test.

The extended running time in idling at the end of the test showed an interesting superpo-
sition of following effects, Fig. 2:

a)

b)

c)

d)

by switching down the engine power the urea dosing system (UDS) adapts the inject-
ed urea quantity according to the reduced engine air consumption; there is in the 1st
period of approx. 1.5 min a total elimination of NOx & NO, because of: lowering the
engine-out emissions and abundant presence of reducing agent;

cooling-down of the cDPF to the temperature range of the maximum NO,-production
causes a significant production of NO, and with it also an increase of NOXx; this period
takes approx 7.5 min and also causes an increased emission of N,O- up to 20 ppm;

after this period there is still urea dosing and abundance of reducing agent for the next
2.5 min, NOx & NO, are shortly eliminated, but due to the switching-off urea, they
again start to increase;

NOx increases (from the time 2800s) up to the value of “cool” idling before the test;
NO, increases first together with NOx, but the catalytic activity of the cDPF cooled
down stops (from the time 2900s) and NO, decreases back to the very low value of
“cool” idling.

It has to be remarked, that these observed effects are connected with: the given SCR-
system, the control of UDS and quality of urea homogenization, engine operation and
thermal inertia of the exhaust system.
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Fig. 2: Switching back to idle; retrofit system cDPF & SCR; a = 0.75; vehicle A; ULSD;
chassis dyno DINEX
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Different NOx-analyzers

For measurements of NOx and for the estimate of KNOx different analyzers and sensors
can be used. If the urea SW-on is used, it is sufficient to apply only one sampling point at
tailpipe.

Fig. 3 represents the results at SWON with 3 analyzers.
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Fig. 3: KNOx at SWON in steptest with different analyzers. OEM SCR; dosing activated;
vehicle E; ULSD; chassis dyno MAN

In the 1st step (Pwheel = 30kW) there is a start of the AdBlue injection, which is visible by
means of all NOx-measuring devices (2CLD, MEXA & Anapol) indicating a drop of NOXx.

The step duration was too short to obtain a stationary NOx-value with RAI in the 1st step.
The NOx value with RAI in the 2nd step is supposed to be very close to this one in the 1st
step, so it was used for estimate of KNOX OP1-OP2. This KNOx (84% for Anapol and
86% for 2CLD) is very close to the aver-age result from previous measurement (83.9%).

DPF filtration quality

Some trucks with OEM-SCR system were refitted in Switzerland with cDPF for air protec-
tion reasons. One of the retrofitted DPF's was tested and an excellent filtration quality
was found.

Figure 4 represents the nanoparticles size distribution spectra measured before and after
DPF with the SMPS-system. In the lowest part of this figure there is the penetration (ratio
of particle count passing through the filter to the particle count before filter). The penetra-
tion in all investigated OP’s varied between 0.03 and 0.0001, which represents a very
high filtration quality of the tested DPF.
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Fig. 4: SMPS size spectra at OP2 and NP-filtration of a retrofitted DPF. OEM SCR; dos-
ing activated; vehicle E; chassis dyno MAN

Increased backpressure

Diesel exhaust gas aftertreatment systems, which are extensively used in the heavy duty
(HD) vehicles often as retrofit systems can increase the backpressure of the engine.

Tests with increased backpressure, in the range, which is probable for the exhaust after-
treatment systems, were performed on engine dynamometer, [45] and on a modern truck
on chassis dynamometer, [46].

The Iveco F1C engine on engine dynamometer could be operated with & without EGR
and also in dynamic cycle (ETC). Some non-legislated emissions could be additionally
measured by FTIR.

The MAN Truck Euro V could be operated on chassis dynamometer at some chosen
constant oper-ating points.

The most important results from Iveco engine, [45], are:

e The increased backpressure without EGR causes at stationary operation: slight reduc-
tion of HC, slight increase of CO and no significant influence on NOXx,

e with EGR and at lower part load operation (at stationary working conditions) there is
no
¢ influence of increased backpressure (in the investigated range) on emissions,

¢ the nanoparticles emissions without EGR are at lower level and increase slightly with
in-creasing backpressure; with EGR there is a higher emission level, but no influence
of backpressure,

e at dynamic operation in ETC there are no significant influences of increased backpres-
sure on CO and HC; nevertheless, there is an increase of NOx in the range of 2% w/o
EGR and 7% with EGR,

e the increased backpressure lowers the engine air consumption and increases the fuel
consumption,

e there are no increases of the non-legislated emission components measured with
FTIR.
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The results from Man truck, [46], are:

e at high engine load the increased backpressure (Ap) provokes the increase of CO,
CO, and NOx, there are no HC to be measured,

e at low engine load there is only a slight increase of CO,, but reduction of CO & NOx
with increased Ap.

To sum up, it can be stated, that the increased backpressure, in some situations has, and
in other situations, has no influences on engine-out emissions. The question: “if the emis-
sions can be deteriorated by higher Ap to be significantly beyond the legal limits?” — can-
not be strictly answered for all application cases.

There are experiences of trucks Euro V with OEM-SCR, which were retrofitted with DPF
and showed no significant deterioration of the limited gaseous components. AFHB can of-
fer such tests.

Transient operation on chassis dyno and on-road

Influence of ambient temperature on KNOXx

Fig. 5 gives the overview of average emission values in the FIGE test cycles performed
on the HD chassis dyno.

The differences of average temperature during the tests result from the fact, that the hall
with the HD-chassis dynamometer was irregularly opened, or closed for other purposes
of transport and due to the cold ambient air (winter time) strong dispersion of the air tem-
perature in the measuring hall resulted. This influenced the temperature before SCR and
provoked the dispersion of results: integral NOx, NO, & KNOx. NH3 was only slightly visi-
ble at the last test with the highest temperature.

It is clear, that with the lowest ambient temperature there is a lower NOx reduction rate
and the comparative testing on vehicle e.g. before and after field durability period, should
be realized at similar ambient conditions.
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Fig. 5: Emissions in FIGE transcient cycle & sensitivity to tamb; retrofit system cDPF &
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SCR; a = 0.75; vehicle A; ULSD; chassis dyno DINEX

SCRin hybrid vehicle (HEV) operation

CPK-dataloggers and CPK-NOx-sensors up- & downstream of the system were installed
on a hybrid bus (veh. B) for some months. A complete registration of data could be per-
formed during 48 days.

During the evaluation it was stated, that there was at several days no operation, or very
short operation or operation in short intervals with temperature of the NOx-sensors below
140°C, when they did not register any data.

Finally the data from 14 days were selected as complete and representative for a full-day-
operation with warm engine and warmed-up exhaust aftertreatment system. These data
showed average NOx conversion levels between 30% and 67% depending on the operat-
ing profile and on the average temperatures of the exhaust system.

The test vehicle was also given for a specific test of AFHB on a defined road circuit. This

circuit was chosen in the manner to obtain possibly different traffic situations, as “non-
urban” and “motorway”.
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Fig. 6: Hybrid on road trip — switching off the engine. Vehicle B; CRT & SCR; ULSD; Ad-
Blue
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Fig. 6 represents the time-plots of results from one of the trips on the same road circuit.

The results are:

e vehicle speed,

o altitude,

o distance,

¢ exhaust temperature up- and downstream,

e NOx-sensors signals (CPK) up- and downstream.

Different traffic situations are marked with numbers. During the stop of vehicle there is
mostly a stop of the engine, which is visible by lowering of tey, & NOX.

At engine switch-off the NOx-values are first falling down to zero, but after approx. 5-15
seconds they jump up to a certain value and decline slowly during the rest of the engine-
stop time.

This effect was repeated and confirmed on engine dyno. It was remarked, that after en-
gine stop and ventilation system still going on, the signal of the NOx-sensor upstream
drops the first. It must be supposed, that there is a stored exhaust gas volume in the ex-
haust system near to the sensor, or in the sensor, which gives reason for this indication.

In the initial phase of the driving cycle the sensors are not active (tsensors < 140°C). This
inactive phase is much shorter with the “warm” started engine and exhaust system.

Estimate of KNOx on-road with 1, or with 2 sensors

For the on-road testing of vehicle F the CPK sensors before/after system and 2 CLD with
heated line were used. First 3 trips (trips 1, 2, 3) were performed with the CLD at “engine
out” position (EO, before DPF+SCR system) and 3 further trips (trips 4, 5, 6) were per-
formed with CLD at tailpipe (TP, after system).

The NOx-traces with CPK sensors are interrupted, when the sensor temperature is falling
below 140°C. This is a protection measure of the sensors and as consequence there is
only partial information about the measured NOx-emissions. This information is given in
working periods with warmer exhaust and consequently with higher KNOx.

To study the question, how reliable would be the estimate of KNOy with 1 sensor only, the
CLD results were also considered in the limited periods of active SCR and active CPK
sSensors.

The estimate of KNOx with 1 sensor only means to drive a circuit with active RAI and with
time-measurement of NOx at TP and afterwards to drive the same circuit with deactivated
RAI. This is applicable for the SCR-systems, having only 1 NOx-sensor downstream.

The present results from 6 trips were used to estimate the KNOy-values in the active pe-
riods of CPK & SCR in two ways:

a) measurement only with 1 sensor (CLD) EO, or TP: use of one reference value (EO)
for more results (TP) from other trips (here: trips 4, 5, 6) see Fig.7,

b) simultaneous measurement with 2 sensors (CPK) EO & TP, in all trips.
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Engine-out tailpipe

Fig. 7: Measurements with 2 CLD in 6 trips & estimate of KNOx with

— 1 sensor only
— 2 sensors simultaneously

In Fig. 8, the method of estimate “1 sensor only” was applied to the CPK-results and
compared with the CLD-results. There are represented:

e KNOXx in trips 4, 5, 6 with reference values from trips 1, 2, 3 — estimate “1 sensor only “
with CLD and with CPK,

e KNOXx in all trips —estimate “2 sensors simultaneously” with CPK.

It has to be remarked that trip 1 was with a cold start and trip 3 was started after longer
cooling period.

With consideration of “cold” trips 1 & 3 of the simultaneous measuring method (2 CPK
sensors) the dispersion (COV) of KNOXx is higher. In opposite to that the method of “1
sensor” shows less dispersion of results and does not recognize the KNOx-differences
between “cold” and “warm”.

It can be summarized that: the “1 sensor” method offers at warm operation of the exhaust
system the same information about the average KNOx-values, as the “2-sensors” meth-
od. For “cold” cycles the “1 sensor” method is less selective and does not indicate the
KNOx-differences between “cold” and “warm”.
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Fig. 8: Comparison of KNOx-dispersion between 2 measurement types: with 1 sensor on-
ly and with 2 sensors simultaneously. Periods of active SCR & CPK sensors; vehicle F;
ULSD; AdBlue; dosing activated.

Fig. 9 shows the estimates of KNOx-values over whole trip (CLD) or over active time (of
CPK + SCR). The logic of evaluations in this figure is the same as in the previous consi-
derations.

The most important statement is: as colder is the exhaust aftertreatment system during a
part of the trip, as lower is the average KNOx-value in this period. The CPK-sensors are
less active and cannot indicate all emissions. In the active periods the CPK-sensors show
higher KNOx-values, than the average of the colder cycle part. For the hot exhaust after-
treatment system there are no differences of KNOx between “whole trip CLD” and “active
time CPK”.
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Fig. 9:Comparison of KNOx-values from different periods of the trip (z7)2CLD whole trip
— (2)CPK & SCR active time. Vehicle F; ULSD; AdBlue; dosing activated.

SCR in Diesel-CNG Operation

Research on vehicle G has been performed on the HD chassis dynamometer at bi-fuel
operation: Diesel fuel and Diesel/CNG. The vehicle was equipped with an OEM-SCR-
system and retrofitted with a system, which interacts with the electronic control of the en-
gine and can replace a part of the Diesel fuel by a gaseous fuel CNG, LNG, LPG or other
gaseous fuels.

This system yields an electronically controlled multipoint gas injection in the intake chan-
nels of individual cylinders. In the case of the present DAF truck there is no Lambda regu-
lation and no 3-way-catalyst attached. The Diesel substitution rate at transient operation
is 40-50% - according to the external information.

Fig. 10 shows the results of following FIGE-cycles, which were performed in this time se-
guence:

e FIGE 1, engine cold, high load, Diesel,
e FIGE 2, engine warm, high load, Diesel,
e FIGE 3, engine cold, low load bi-fuel,

e FIGE 4, engine warm, high load, bi-fuel,
e FIGE 5, engine cold, low load, Diesel.

The last part of FIGE 4 was performed with Diesel fuel only, since the CNG-reserve was
finished and FIGE 5 was a repetition with Diesel fuel.

It can be remarked that there is a very high emission of HC with CNG-addition and for the
cold cycle HC are much higher, than for the warm cycle. In Diesel-fuel operation there is
a slight Ammonia slip originating from the deposits, which were previously accumulated.
The CNG operation enabled the elimination of these deposits and there are no more
traces of NH; in the last cycle with Diesel-fuel (FIGE 5).

The NOx-traces with CPK sensors are interrupted, when the sensor temperature is falling

below 140°C. This is a protection measure of the sensors and as consequence there is
only partial information about the measured NOx-emissions.
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Except of the period, when the CPK-sensors are not active, there also is a period, when
SCR is not active due to low temperature and no RAI activated.

Table 3 summarizes the average KNOX-values obtained in the FIGE cycles:

. Bi-fuel
Diesel
KNOx KNOx =
i i [ o o
fuel ULSD ULSD ULSD — o
load dyno high high low fuel ULSD ULSD
engine cold* warm cold* load dyno high high
int | whole| SCR [whole| SCR |whole| SCR engine cold* warm
integra test on test on test o.{ = == - - — - —|— - -
whole| SCR |whole| SCR
AMA 57 71 68 72 55 66 integral test on test on
CPK*** 62 70 69 71 58 5| | _ _ _ _ A - _1 | _
* Longer cooling period AMA 17 29 50 60
**Very short cooling period CPKx** 19 32 50 60

** NOx sensors are not active during the first part of the test.
** NOx sensors are not active during the first part of the test.

1) Last part of test only with diesel (no CNG)

Table 3: Average values of KNOX in FIGE-cycle; OEM SCR; dosing activated; CNG retro-
fit; Vehicle G; Euro V; ULSD; chassis dyno JRC

= FIGE1 = FIGE2 BFIGE3 OFIGE4 OFIGES
- 10 -
007 TR FTIR
400 1 400 - - -
CPK CPK 400 - tailpipe g tailpipe
300 -+ — 300 A
300 6 -
200 A 200 -
200 4 -
100 - 100
100 2 -
0 A 0
T7 engine out [°C] Ty tailpipe [°C] 0
NOx [ppm] NH3 [ppm]
8000 1\ 8000 1 Avq
6000 6000 -
4000 - 4000
2000 - 2000 -
4944 4 10 5 7
0 0 -
HC in [ppm] HC out [ppm]

Fig. 10: Average emission in FIGE with ULSD & Bi-Fuel. OEM SCR; dosing activated;
Vehicle G; Euro V; chassis dyno JRC

For the cold cycle the KNOx over whole test is much lower, than the KNOX during “SCR
on”. For the warm cycle this tendency is less pronounced. In the bi-fuel operation the in-
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vestigated SCR-system attains the KNOx-values over whole cycle between 19% for cold
cycle and 50% for warm operation.

In the monofuel operation (ulsd) there are generally higher NOx reduction rates — for
whole cycles between 55% (cold) and 69% (warm).

An important parameter, which influences the NOx-reduction is the average exhaust tem-
per-ature. At stationary operation texh is higher for bi-fuel-operation, at dynamic operation
texh-average is lower. So are the relationships of KNOX-values too. Obviously these rela-
tionships are dependent on the choice of the operating conditions.

Other significant influences of the bi-fuel operation on the emissions are:
e much higher CO-values

e much higher HC-values (mostly Methane, Ethane & Ethene)

¢ increase of Formaldehyde HCHO and Acetyladehyde MECHO

¢ increase of Sulfur Dioxide.

For the bi-fuel operation there is the same exhaust aftertreatment system (SCR). The
lowest hydrocarbons are most stable and cannot be sufficiently oxidized in this system.
The surplus of Sulfur is believed to originate from the used gaseous fuel.

Simple SCR function test on road

This SCR function test is a part of the short acceptance test (TeVeNOx Type 3, see sec-
tion 3 of this paper). This test consisting essentially of warm-up of the system on-road
(until urea SWON) and cooling down at idling (until urea SWOFF), with on-line NOx-
measurement is represented in Fig. 3. In OEM-SCR applications there are different inter-
ventions of the ECU, which make necessary to modify the simple procedure. These are:

a) Cut-off urea dosing, when the vehicle wheels stop — in this case the SWOFF can be
performed, if the vehicle is rolling slowly with near-to-idling engine operation. This has
been done on the chassis dyno, but it is hardly possible in the normal road traffic, as it
needs a time of 10 to 15 minutes.

b) Adaptation of the low load engine power to the needs of the on-board energy con-
sumption — Fig. 11 shows the intervention of ECU after long idling and the results of
NOx during vehicle stop and urea cut-off. By the test “with dosing acti-vated” the total
elimination of “NOxout” during approx. 45s after urea cut-off is a repetitive effect and
can be regarded as a prove of the functionality of RAI. The estimate of KNOx never-
theless is not possible.

c) Engine switch off & on after vehicle stop in the hybrid application. Fig. 12 shows the
traces of texh & NOx up-and downstream in the period after vehicle stop (ap-prox. 12
min).

After the 1st engine cut-off (period Il) the NOx-sensors show higher signals, than after the
2nd engine cut-off (period V). This is a sign, that the temperature of the sensors plays an
im-portant role in indicating the NOx-values at engine standstill.

During the engine switch-on (period Ill) there is a sudden change of NOx-level. This indi-
cates a change of engine load directed by the hybrid control system to satisfy the energy
demand in the given situation (SOC, auxiliary aggregates etc).

In the engine run period Il there are some periods of stabilized engine operation and sta-

bi-lized NOx-values up- & downstream. This enables to estimate the NOx conversion ra-
tios in this given thermal situation.
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Similar results with nearly the same KNOX-values were obtained from three performed
trips. This suggests that there is a sufficient repeatability and this estimate could be used
for quick quality control of the deNOx-systems.

After these examples it can be stated that the simple SCR function test on road is possi-
ble, but especially for the OEM-applications the procedure has to be adapted to the con-

ditions given by the electronic control system of the vehicle.
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Use of impingers to dertermine the reactive nitrogen com-
pounds (RNC) emissions

A special interest was given in TeVeNOx to emissions of reactive nitrogen compounds
(RNC) such as NO, NO,, NH; and HNCO, which are of toxicological relevance. These
compounds are highly reactive, difficult to sample and analyse, but all involved in the
deNOx chemistry of SCR catalysts. NH; and HNCO are formed in the catalyst during
urea decomposition and if released, have to be considered as secondary emissions of
the converter. FT-IR-based methods are currently not sensitive enough to monitor the re-
lease of these compounds at the ppb level. Therefore we applied two chemisorption
methods to accumulate NH; and HNCO in impingers transforming them to chemically
stable forms, which can be analyzed off-line. Ammonia is transformed in an ammonium
salt and analyzed with ion chromatography, HNCO in an urea derivative, which is ana-
lyzed by LC-MS.

With sampling volumes of 10-30 L of exhaust could we obtain detection limits of 0.2
mg/m3 (260 ppb) for ammonia and 0.004 mg/m3 (2 ppb) for isocyanic acid, which is
about one and three orders of magnitude below the sensitivity of the FT-IR method. Thus,
both impinger methods are more sensitive and suitable to determine emission factors un-
der steady-state conditions. These methods have been applied in the TeVeNOx project
on HDV chassis dynamometers in the three-phase cycle and more widely on the engine
test bench in the 8-phase 1SO8178/4 C1 cycle.
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As an example, HNCO emission factors (mg/h) of two HDV vehicles are shown Figure 13.
One vehicle was equipped with a combined DPF-SCR system [41], the other had an
OEM SCR system and was retrofitted with an efficient LRV-approved DPF downstream of
the deNOx system [42]. HNCO emissions in the three-phase cycle are given for cold idle,
at 50 km/h during SCR light-off, at 50 and 70 km/h with active SCR and during hot idle
conditions. Emissions at the tail-pipe (lower diagrams), engine-out (upper left) and after
the SCR (upper right) are reported. The applied LC-MS analysis was able to detect
HNCO in all samples. Emissions after active SCR were increased, but retrofitting a DPF
down-stream of the SCR lowered HNCO emissions to some degree.

We conclude that secondary emissions of isocyanic acid can be found in exhausts of the
Euro-VI and the Euro-V HDVs in the same order of magnitude. As shown before, HNCO
emissions of urea-based SCR systems vary considerably for different converter tech-
nologies and different operating points. Tail-pipe emissions of both HDVs varied by two
orders of magnitude and reached about 200 mg/h. Both HDVs emit at the lower end
compared to previous studies [49, 50].

Detailed results of EMPA research with impingers in the TeVeNOx project are given in
[51].

EMPA
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Fig. 13: HNCO emission factors in mg/h of Euro-VI (left) and Euro-V (right) heavy-duty
vehicles operated in the 3-mode test cycle. Engine-out emissions (upper left) and tail-pipe
emissions (lower left) are compared for the Euro-VI HDV and emissions after SCR (be-
fore DPF, upper right) and at the tail-pipe (lower right) are shown for the Euro-V truck.
Conditions with fully active SCR are highlighted with ¥. The Euro-VI vehicle has an OEM

DPF up-stream of the SCR, the Euro-V vehicle had an OEM SCR system and was retro-
fitted with a DPF.
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As general conclusions it can be stated:

e The foundations for the quality verification procedures of SCR-systems are es-
tablished,

e The SCR-systems are not active at lower temperatures < 200°C,

e SCR-testing on vehicle has more importance and is a simple & low-cost tool for quality
check,

e The overall average NOXx reduction rate depends on the operating profile of the vehi-
cle for low-load, for cold operation and for interrupted operation (HEV) there are lower
NOXx reduction efficiencies,

¢ Sampling with impingers with the following analytics of traces is approximately 1 order
of magnitude more sensitive for Ammonia and 3 orders of magnitude more sensitive
for Isocynic Acid. This method is an appropriate tool to detect specific non-legislated
emission components; for a “quick-check” nevertheless it is not applicable.

Other remarkable technical points are:

o ehigher feed factor a increases slightly KNOXx, but also increases significantly the NH3-
slip,

o the retrofited DPF's confirmed their excellent filtration quality (according to
VERT/OAPC),

o the ambient temperature influences the average KNOx — the comparative testing on
vehicle e.g. before and after field durability period, should be realized at similar ambi-
ent conditions,

o for estimate of KNOXx different analyzers and sensors can be used,

o the CPK-sensors do not indicate the emissions in the colder parts of driving cycles (at
sensor temperature < 140°C); for this reason the CPK-sensors show in their active pe-
riods higher KNOx-values, than the average of the colder cycle part. For the hot ex-
haust aftertreatment system there are no differences of KNOx between “whole trip
CLD” and “active time CPK”,

o the average KNOX-values in a road trip can be estimated with “1 sensor only” (2 trips
with/without RAI), or with “2 sensors” (simultaneous measurements during 1 trip) - the
“1 sensor” method offers at warm operation of the exhaust system the same infor-
mation about the average KNOX-values, as the “2 sensors” method. For “cold” cycles
the “1 sensor” method is less selective and does not indicate the KNOx-differences
between “cold” and “warm”,

e a bi-fuel operation Diesel-CNG with a retrofitted CNG system showed a significant
lowering of the NOx reduction rate and a significant increase of the CO- and HC-
values,

o the simple SCR function test on road is possible, but especially for the OEM-
applications the procedure has to be adapted to the conditions given by the electronic
control system of the vehicle.
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The original data are confidential. They are archived at the Exhaust Gas Laboratory of
the University of Applied Sciences, Biel.

Information about the quality management of measuring systems and of data is available
on request.
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Fig. 01
Fig. 1
Fig. 2
Fig. 3
Fig. 4
Fig. 5
Fig. 6
Fig. 7
Fig. 8
Fig. 9
Fig. 10
Fig. 11
Fig. 12
Fig. 13

VERTdePN and TeVeNOx testing procedures for (DPF+SCR) combisystems
Step test with different dosing rate after 1000h; retrofit system cDPF & SCR,;
dosing: not activated / 0.75 / 0.85 vehicle A; ULSD; chassis dyno DINEX
Switching back to idle; retrofit system cDPF & SCR; a = 0.75; vehicle A; ULSD;
chassis dyno DINEX

KNOx at SWON in steptest with different analyzers. OEM SCR; dosing activated;
vehicle E; ULSD; chassis dyno MAN

SMPS size spectra at OP2 and NP-filtration of a retrofitted DPF. OEM SCR; dosing
activated; vehicle E; chassis dyno MAN

Emissions in FIGE transcient cycle & sensitivity to tamb; retrofit system cDPF &
SCR; a = 0.75; vehicle A; ULSD; chassis dyno DINEX

Hybrid on road trip — switching off the engine. Vehicle B CRT & SCR; ULSD;
Ad-Blue

Measurements with 2 CLD in 6 trips & estimate of KNOx with — 1 sensor —

2 sensors

Comparison of KNOx-dispersion between 2 measurement types: with 1 sensor
only and with 2 sensors simultaneously. Periods of active SCR & CPK sensors;
vehicle F; ULSD; AdBlue; dosing activated.

Comparison of KNOx-values from different periods of the trip: (1) 2CLD

whole trip — (2) CPK & SCR active time. Vehicle F; ULSD; AdBlue; dosing
activated.

Average emission in FIGE with ULSD & Bi-Fuel. OEM SCR; dosing activated,;
Vehicle G; Euro V; chassis dyno JRC

SWOFF — ECU intervention after long idling period. OEM SCR; dosing OP2
activated; Vehicle D; ULSD, chassis dyno LARAG

HEV: Engine switch off & on after vehicle stop, dependant on battery SOC.
Vehicle B, CRT & SCR; ULSD; AdBlue

Emissions of isocyanic acid from vehicles Euro V & Euro VI
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ANNEXES

Al Reactions in a SCR deNOx Systems

A -1

Reactions in a SCR deNO, system

Precatalyst 2NO + 0,
After AdBlue injection

Thermolysis (NH2); CO
Hydrolysis catalyst

Hydrolysis HNCO + H,0

SCR catalyst

4 MNH; + 4 NO + O,
4 NH; + 2NO + 2 NGO,
8 MH; + 8 NO;

Oxidation catalyst
4 NH3 + 3 02

2 MNH; + 202

dNHy; + 4 NO + 30
4 MNH; + 50

2 NH; + H, 80,
2MHy + 2 NO:
MNH: + HNO;

undesired:

BCHE2_A1-o_Pliscuiont i & SO8: O wysten

October 2013

Ll

l

il

2 NO.

MHz + HNCO

tean ~ 150-350°C

MNH; + CO4

4MN; + 6 H:O (normal)
4NMN; + 6 H:O (rapid)
7Ny + 12 H.O (slow)

2N+ 6 HO

NQ'D + aHgD

4 N0 + 6 H0

4MNO + 8 H.O

(NH.); S0,

MH; MO: + Nz + HO
MH; NO-
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Glossary of principal nitric components

AdBlue: reduction agent, 32,5 mass % urea, rest water (-11°C)

NO ... nitric oxide (nitrogen oxide)

NO; ... hitric dioxide (nitrogen dioxide)

N.O ... nitrous oxide (greenhouse potential ~ 300x CO2)
NH; ... ammonia (ammonia slip undesired)

MNH, ... ammonium

(NH;)-CO ... wurea (bio-compatible)

NHs NO3 ... ammoniumnitrate

(MH:),S0,; ... ammoniumsulphate

HNCO ... lisocyanic acid (thermolysis of urea)
(HNCQ); ... cyanuric acid (temp. < 350°C solid)
HNO- ... nhitric acid

HNO- ... hitrous acid

HCN ... hydrogen cyanide

Denoxium:

reduction agent, urea + ammoniumformiat + water (-30°C)
Ammoniumformiat ... HCO; NH.

Some problems:

. inclomplete urea decomposition at tg,, < 300°C

» serious risks of solid deposits at tg,y, < 200°C

. urea related deposits (cyanuric acid up to 350°C)
- deterioration of performance and structure of catalytic surfaces
- deficit of NH: for the SCR downstream, [17]

» with ammonia slip possibilities of secondary reactions in the sampling
line, interference with measuring accuracy, risk of deposits and / or
damaging of measuring apparatus (particulary CLD), [20].

Reasons for NH- slip:

« incomplete SCR reaction

« release from SCR-cat. by temperature changes (store — release)

« incomplete urea conversion before SCR-cat — NH; production after
SCR-cat.

BMD_AND_ Thoenary of niric comporents s -

October 2013
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1.2 A2 Data and measuring set-up of investigated vehicles

A2

Vehicle A
Tested city bus on the HD chassis-dyno (Dinex A'S, Middelfart = Denmark)

Vehicle Data e
Type of vehicle City Bus
Make and type VOLVO B10 BLE
Chassis=Nr. YVIR4AS1TXADDIEES
Matriculation number PZ 95 4582
Types approval -
Owerall displacement 8.603 dm”
Power 180 kW @@ 2000 rpm
Emission Code Eurg Il
Exhaust afterireatment | DPF + SCR (refrofitted)
Matriculation 05,1999

Measuring set-up with vehicle A

Fig.3a: Retroffited combined System. Fig.3b: Urea Dosing System UDS (1),
DPF (1) & SCR (2) datalogger (2) & Adblue tank (3)
TeVeNO,: Chassis Dyne @ DinexDK 2) Stationary operating points:
Time schedula:
Tested vihicle: WOLVO B10 BLE 00:00 Tdbe
Retrofited systern; DPF (DiSic Catalyzed) & DING, 05:00 OF1 | 44 kevh (Gear 3, 1500 rpm) -> SWON
(Vanadium SCR} 20000 OP2 1 78 kevh (Gear 4, 1900 rpm)
35:00 Idie

Meeswements: 40:00 test end |-> change to 50:00 to stabilize the

MO, -amissions at idle -> SWOFF)
- at least 1 measwement with gain 0.75 & gain 0.85
- atlaast 1 urement with gain 0.75 - if possible 1 repetition without desing (vehide

. influgnces 06.2011 == 01.2012)
BJ;;E:: ]LJI?S dosing off {reference. not dane on 3} On-road measurements:

+ with NO,-Sensor (up & downsiraam)

+ an-board MO, measurement (i availabile)

- defined roadway:

=20 min. if possible with a highway part at the end.

2 runs with doging, 1 run without dosing,

- after each hot run with UDS go on the side in idling
and measure urea switch-off during the cooldewn
(see Fig10, B298)

1) Fige: Test preconditioning: (10 min, at T8 kmih,
2 min. idle)

50 October 2013
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A 22

Tested city bus Volvo 7700 Hybrid

Vehicle B
Vehicle Data
Type of vahicle City Bus
Make and type VOLVO 7700 Hybrid
Chassis-Mr, YVAT1S127C1 152251
Matriculation number BE 661644
Types approval
Dsssa] engine 476 dm’
displacemant
Power Digsel 158 kW @ 2300 rpm
i max 120 kW,
Elektric motor power ol 0k
Emassion Coda Eurg V
Exhausi
Rl DPF (CRT)+ 5CR
Matriculation 2011

M . with vehicle A

The hybrid bus's main
components

e

Diesal angine

Electric motor/generator
Transmission

Electronic contral unit

Energy converter DC/AC
Batteries

Electrical additional components

The drive-train of Volve 7700 Hybrid Bus

Engine

Combustion engine and CRT + SCR -System

SCH

October 2013

VOLVO 7700 HYBRID 12, 312

Lagaitas WEST100 [(152051)

Duestdmator {DSEZ 15k

158 kW et 2200 Liiman

B0 Mm Bl 17200=17700 Lifein
Elsiiromotor (FSAM]:

130 W ma / ontinuierdich T kW
BOC Mm max. | kontinusadich $00 Mm
&

3 Toren ISAF, T1 = EST, T2 - 3= 5T

Fnealing
Flivaariage Sphenos Caysphass 23 38 KW

Auasonanzagen (Gosba LEDE

Front 126x16-15

Sete 11221810

Hinten 1128 6-10

13 167 LED - Bidackem
Bshinderianramps manuesl Hibnes MK174
Rachias 1 2D
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A 22

October 2013

The tested vehicles and s incipal data
Vehicle Data
Type of vehicle Truck (wehicle ) Truck (vehicle O]
“Maike and type Mercedes-Benz Aclios 1848 | Mercedes-Benz Actros 1841
Chassis-Hr_ VDB 9340321139 1662 VDB 9300361 L098058
Moaitri cista b number - S5 32240
__Types appeoval i SRR 1 e
Crverall daalacement 1185 dm° 11.95 dm’
Power 350 kW i 1600 pm 300 KV 5 1600 rom
Emission Code Eure ¥ Eurg ¥
Exhaust aftertreabmeant SCR (DEM) SCR (OEM)
Matriculation 2012 2006
Cdomater a1 start 573 km S00°523 km
Type of vehicle Truck (vehicle C) Truck (vehicle D)
Maice and type Mercedes.Benz Actios 1848 Mercedes-Beng Actros 1841
Chagsis-Mr WODE 8320321139 1662 WS 93003651L098058
Fdatriculation number . SG 12240
Types approval - -

TeVeNOx : Chassis Dyneo @ LARAGWIl 5G

Tested vehiclas:
Mercedes- Benz Actros 1848 / 1841

OEM systerm: OEM SCR
Measuremenis:

1) Stationary cperating points:

Time schadule:

00:00 idie

0500 OF1 /= 50 kmih {1200 rpm) -> SWORN
25.00 OP2 | = 70 kmih {1600 rpm)

40:00 Idle

80:00 test end -> SWOFF

A m ;

+ with NCx-Sensor (up & downsliream)

+ on board NOx measurement (if available)

- defined roadway:
=30 min. if possible with a highway part at
the end
2 runs with dosing, 2 runs without dosing

= after each run with dosing go on the side in
idling and measure urea swilch-off during the
coaldown
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A 24

Tested Truck on the HD chassis-dyno (Vehicle E. MAaN Otelfingen)

Vehicle E
Vehicle Data
Type of vehicle Truck (vehicle E)
Make and type MAN TGS 41.540 10x4
Chassis-Nr.____ WMA3QSZZXCMBO0BES
Matriculation number | -
Types approval -
Overall displacement | 12.41% dm’

Power

397 kW @ 1700-1200 rpm

Emission Code

Eurc vV

Exhaust
i SCR (OEM) + refrofitted DPF
aftertreatment
Matriculation 2012
Cdometer af start 225 km

Measuring set-up with vehicle E

TeVeMNOx ; Chassis Dyno @ MAN/Otelfingen

Tested vehicles: MAN TGS 41.540
System: OEM SCR + relrofitted DPF
Measuremenis;

1] Sationar ratin in

Time schedule:

00:00 Idle

15:00 OP1 /= 52 knwh {1240 rpm) -> SWON
40:00 OP2 = 73 kmv'h (1180 rpm)

55:00 ldle

T5:00 test end -> SWOFF

21 NCk-Steptest

Time schedule:

0000 OP1 = 53 kmvh (1250 rpm § Paea 30 KW)
00:05 OF2 = 53 kmvh (1250 rpm | Puanes 45 KW)
D010 OP3 = 53 kmvh (1250 rpm | Poses B0 KW)
00:15 OP4 = 53 km'h (1250 rpm | Puanes T4 KW)
00:20 OPS I = 53 km/h (1250 rpm | Puhee 80 KW)
D0:25 idle [ = 0 km'h (B00 rpm / Pranest 0 KW)
00:30 test end

October 2013
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A2E

Vehicle F
Tested Truck on the HD chassis-dyno (Vehicle F, LARAG Wil 5G)
Vehicle Data
Type of vahitle Truck
Mercedas Actros 1845
Make and type Blulec &
Chassis=Nr. WODB2630031L626074
Matriculaton number 56 210 160
Types approval -
Overall displacement 12,809 dm’

Prorwer

320 kW @ 1800 rpm

Emission Code Eura VI

Exhaust aflerdreatment | OEM CRT & SCR
Matriculation 2012

Cdometer al start 11819 km

Measuring set-up with vehicle F

October 2013

TeVeNOx ; Chassis Dyne @ LARAGWIl 3G

Tested vehicles: Mercedes Actros 1845 Bluetec 6
System: QEM DOC, DPF + 5CR

£ Measuraments:
1) Stabong rali inks:
Time schedule
00:00 Idle
1500 OF1 | = 53 ki (1200 rpm) == SWON
40:00 0P2 ! = 71 kmsh (1800 rpm)
55:00 0P3 ! = 9 kruh (B0 rpm)
75:00 test end -> SWOFF

- m irgmgnis:

+ with MOx-Sensor {up & downstream; CPK-OL)

+ 2CLD measuremani apparatus

+ Horiba Mexa 120N0x (tailpspe)

- defined roadway:
=30 min. f possible with a highway part at the end
6 runs (3 runs 2CLD upstream, 3 runs 2CLD
downstream)
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Vehicle G

Tested Truck on the HD chassis-dyno (Wehicle G, JRC Isprafitaly)

The vehicle is equipped with a retrofitted systern for CHNG, which enables the bi-fuel operation Diesel-CNG

Vehicle Data

Type of vehicle Truck
Make and type Mercedes Actros 1845
Blutec &
Chassis-Nr, WODEBSE30031LE26074
Matriculation numbsar S5G 210 180
Types approval *
Owerall displacement 12,809 dm’
Power 330 kW @& 1800 rpm
Emission Code Euro VI
Exhaust
afraaiment OEM CRT & SCR
| Matricutation 2012
| Odometer at start 11919 km

engine out
i

October 2013

CPK-Temp.-sensor

—

CPK-MOx-sensor
engine out

MNP measurement
apparatus

TeVeMNOx : Chassis Dyno at JRC Ispra | laly

Tested vehicles; DAF XF 105
Systern: OEM 5CR

4 Measuremanis;

1

lati I3 il [hlEN
Time schedule:
0000 Ik
0500 OF1 /= 50 krmvh (980 rpm) -> SWOMN
20:00 OP2 [ = T8 krmvh (1165 rpm)
30:00 OP3 /= 10 krvh (875 rpm)
S0r00 test end -> SWOFF

21 FIGE
+ with NOx-Sensor (up & downstream; CPE-

Datalogger)

+ AVL AMA apparatus
+  AVL FTIR ({tailpipa)
* AVL MNP apparatus (tailpipe)
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A 2T

Vehicle H & |

Tested Truck on the HD chassis-dyno (Vehicle H & |, MAN [ Otelfingen)

Vehicle Data
Type of vehicle Truck
Make and type MAN TGS 18.400 dx2
Chassis-Nr, WMADGSZZEaMS22408
Matriculation number ZH 515209
Type approval -
Cwverall displacement 10.520 dm”

Power 400 KW / 1900 rpm
Emission Code Eura V

Exhaust afterfreatment | OEM SCR
Matriculation 2008

Odomeder at start B4'974 km

Measuring set-up with vehicle H & |

TeVeMOx | Chassis Dyne, MAN | Otellingen ! Test
program

Wighicle:

(TeveMOx Vehicle H, DEM SCR, ne DPF )
MAN TGS 18400 4x2 BL

IH 515909

VIN: WMADESZZEEMSZ2408

Radstand S500mm

Aufbau Walde Couwrtain Sidar

Fahrerhaus LX

1x ariginal SCR used

12 new SCR

Moasurgmants:
A) Chassis dyno -» 3 peints test wilh original SCR
B) Chassis dyno -> 3 points tes? without dosing =
C) Chassts dyno -> 3 poinks lesl with new SCR
E) Road trip with néw SCR 3x
F) Road tnp without dosing * 3x
G} Read Irip wih ariginal SCR 3=
* i possible
Chassis dyno best schedule for et A B, C
Phasei; Idie Smin. -> slable temperature
Phasel: OF1 15min. -> gaitch-on (T=300°C)
Phasad: OP2 16min. -> higher temperature
Phased: OF3 “ide” (10kmh). no lead Himin. -> cool
down & Saitch-olf
If there s no possibity of running without AdBlue
njection:
= cool dawn
-l -= QP2 (gwileh-on on OF2 b define NOx level wio
inpechon)

October 2013
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AZE
Vehicle J
Tested Truck on the HD chassis-dyno (Vehicle J, LARAG /Wil)
Vehicle Data
Type of vehicle Truck
Make and type Mercedes-Benz Actros
2835
Chassis-Nr. WDB 952 073 1K82
4466
_Malriculamn number -
Type approval 3MFB 97 M
Engine OM 501 LA
COverall displacement 11'946 cmy”
Power 280 KW
Emission Code EURO Il
DPF&SCR. retrofit;
Exhaust aflerreatment | HJS / CRT & Umtec /
NO,OFF
_Matriculation 14.10.2003

Measuring set-up with vehicle .)

Tested vehicle and measunng apparatus
on the LARAG HD chassis dyno

Ll armgibrmik -
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Vehicle exhaust tailpipe equipped Technischen Daten NO,OFF system
for chassis dyno measurements

October 2013
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A3 Example of aroad test circuit
Restliche Formatierung wie normaler Text

Example of Road Testing Circuit
Vehiclke F, OEM DOC, DPF & SCR; ULSD: AdBlue

Trip

Eeginning; Teggenburgerstrasses 104, 9501 Wil SG
Ending: Toggenburgerstrasse 104, 8501 Wil 5G
Tatal lengih: approximately 26 km

Duration of trip: approximately 30 min

SM2_4% Moad Wy crms

October 2013
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Begriff Bedeutung

AFHB Abgasprifstelle FH Biel, CH

ASTRA Bundesamt fiir Strassen, (Swiss Federal Roads Office)

AUVA Austria Unfall Versicherung-Anstalt

BAFU Bundesamt fiir Umwelt, (Swiss Federal Office of Environment)

cDPF catalyzed DPF

CLD chemoluminescence detector

CNC condensation nuclei counter

CNG compressed natural gas

cov coefficient of variance

CPC condensation particle counter

CPK supplier of datalogging equipment

CRT continuously regenerating trap

DC diffusion Charging Sensor

dePN de Particles + deNOy

DI Direct Injection

DiSC diffusion size classifier

DMA differential mobility analyser

DPF Diesel Particle Filter

ECU electronic control unit

EMPA Eidgendssische Material Pruf- und Forschungsanstalt

ETC European Transient Cycle

EO engine out

FE filtration efficiency

FID flame ionization detector

FIGE a non-standardized vehicle version of ETC

FL full load

FTIR Fourrier Transform Infrared Spectrometer

GPS global positioning system

GRPE UN Groupe of Rapporteurs Pollution & Energie

HD heavy duty

HDV heavy duty vehicle

HEV hybrid electric vehicle

HNCO isocyanic acid

ICE internal combustion engines

JRC EC Joint Research Center

KNOX conversion rate of NOy

LC-MS liquid chromatography & mass spectrometry

LEZ low emission zones

LRV Luftreinhalteverordnung

ME Matter Engineering

MD19 heated minidiluter

NanoMet NanoMetnanoparticle summary surface analyser (PAS + DC + MD19)
PAS + DC + sampling & dilution unit

NP nanoparticles < 999 nm (SMPS range)

OAPC Swiss Ordinance on Air Pollution Control

OEM original equipment manufacturer

October 2013
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Begriff Bedeutung

oP operating point

PAS Photoelectric Aerosol Sensor

PC particle counts

PCFE particle counts filtration efficiency

PM particulate matter, particle mass

PMFE particle mass filtration efficiency

PMP Particulate Measurement Program of GRPE
PSD particle size distribution

RAI reduction agent injection

RE reduction efficiency

RNC reactive nitrogen compounds

SCR selective catalytic reduction

SMPS Scanning Mobility Particle Sizer

SNORB Swiss NO Retrofit Benchmark

SOoC state of charge

SP sampling position

SUVA Schweiz. Unfallversicherungs-Anstalt

SW urea switch

SWON urea switch on

SWOFF urea switch off

TBG Tiefbaugenossenschaft

TC thermoconditioner. Total Carbon

TeVeNOy Testing of Vehicles with NO, reduction systems
TP Tailpipe

TT™M Technik Thermische Maschinen

ubDS urea dosing system

ULSD ultra low sulfur Diesel

VERT Verminderung der Emissionen von Realmaschinen in Tunelbau
VERTdePN VERT DPF + VERT deNOy

VPNT1 VERTdePN Test 1 - engine dyno

VPNT2 VERTdePN Test 2 - field durability 1000h
VPNT3 VERTdePN Test 3 - check after field test chassis dyno
VPNTSET VERTdePN secondary emissions test - engine dyno
VSET VERT Secondary Emissions Test

feed factor of urea dosing;
ratio: urea injected / urea stoichiometric; calculated by the ECU.
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Final Report

Schwelzerische Eldgenossenschaft Elsgendssisches Departemant fir

0 Confédération sulssa Umwal?, Verkehir, Ensrgle und Kommuenikation UVEK
Confederazions Svizzara Eundasamt FOr Strassan ASTRA
Confederazien sviza

FORSCHUMG IM STRASSENWESEN DES UVEK
Formular Nr. 3: Projektabschluss

erstellt f gedndert am: 26 Apgust 2013 /9. B=pt. 2043

Grunddaten

Prrojelt-Nr: AZTRA 2145

Projekititet TeVeMOx - Testing of SCR-Systems on HD-Vehides
Enddatumn: 30. Junl 2012

Texte

Fusammenfassung der Projektresultate:
As general conclusions 11 can be stated:

« The foundations for the quallty verficaion procedures of SCR-EYStems ars estabiished,

« The SCR-sysiems are not actve at lower iemparatures < 200°C,

- SCR-teting on vehicle has more Importancs and Is 3 simple. & low-cost tool for guailty check,

- The overall average MO reducton rate depends on the operating praflie of the vehicle — for iow-load, for cold
operation and for Intermupted oparation (HEV) there are lower MO reduction eMclencias,

- Sampiing with Impingers with the following analylics of traces Is approximately 1 order of magnituds mare
sensitive for Ammonia and 3 orders of magnitude more sensithe for Isocynic Acid. This meshod | an approprate
tood io detect specic non-egisiated emisEkn components; for 3 “quick-check™ neveriialess It is not applicabia.

Other remarkaiie \2chinical points ana:

= hilgher feed Tactor d Increases slighly KNOX, bat also Increases significantly the NH3-slip,

» the retroftied DFFs confimed their excellent fMitration quality (accomding to VERTIOAPC),

» the ambéent temperature Muencas Te average KMOX — Me comparatve teeling on vehice e.g before and afler
field duraiiity period, should be realired at simillar amblent conditions,

= fior estimate of KNOX different analyZeqs and sensors can ba used,

» the CPK-sensors do not Indicate the emisslons In the colder pans of &iving cycles [at sersor temperature < 140
C); flor this reason the CPK-s2nsors show In their aciive perlods higher KNCX-values, ian fie average of the
colder cycie part. For the hot exhaust afertreatment sys-tem there are no diferences of KMOX betwesn “whole
trip CLD™ and “actve time CPKT,

~ the average KMNOX-values In @ road trip can be estimated with *1 sensor only® (2 irips with'without RAL), or with
*2 sens0rE" (Simuianeous measurements during 1 1rip) - the =1 sensor” method offers at warm operation of the
exhaust system the same Information about the average KNOX-values, 38 e "2 sensors” method. For “cokd”
cycles the =1 sensor metod IS less selective and does not Indicate the KNOX-diferences between “cold™ and
“Warm”,

» 3 b-fuel operation Diesel-CHG Wit 3 retrofitbed CHG system showed a significant lowenng of the NOx reduction
rat2 and a significant Increase of the CO- and HC-values,

» the simple SCR functon tast on rad |s possioie, bul especially for the OEM-applications the prosadure has to be
adapted 1o the condiions given by the elecironic control sysiem of the vehica.

Forschumng im Strassanwasan das UWVEK: Formular 3 St 143
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Schweizerizche Dhdgenosseischall Eidgendssisches Departemens fur
Confédération suisse URTSEIT, VETKENT, ENERGIE Und ROMMUNIATION UYES,
Confaderazions Svizzera Bundasamt [ir Syragsen ASTRA

Candederariun swifra

Jlelerelchung:

Die Ziele des Projekies wurden erreicht s wurden die geplanten Fahrzeuge getestet und es
wurden alle vorgenommenen Testmethoden angewendet.

Es wurden auch Zusatzschwerpunkte, wie Gegendrucksteigerung, Bi-fuel-Betrieb (CNG),
emweitarte Tests mit CPK-Sensoren, sowie erweiterte Tests mit Impingers am Motorprifstand
realisiert.

Das Wissen lber die Qualitdtsprifung der SCR-Systeme an Fahrzeugen wurde erarbaitet
und die Grundlagen filr mogliche weitera Schritte der Bahdrden wurden geliefert,

Folgerungen und Empfehlungen:
Um die erarbaltatan Rasultate 2u nitzen emplehlen wir;

+ die Erkenntnisse dem Weltforum zur Harmonisienung fahrzeugtechnischer Vorschriften
(WF.29] im Rahmen der UNECE zur VerfUgung zu stelien, im Spaziallen der Arbeitsgruppe
WP.28-GRPE, welche sich mit der weltweiten Harmonisierung der Abgasvorschriften befasst;
= @ine gesignete Information weiterer intermnationaler Fachkroica ins Augo 2u fasson;

+ gofern notwendig eine Informationsveranstaltung in Schweizer Fachkreisen vorzusehen.

Publkationen:

* Es wurde ein SAE Paper erstallt und fir den SAE World Congress, Datroit 2014 angeboten
Authoren: J. Czerwinzki, ¥. ZimmerdiAFHB*), A. Mayer/TTM*), N. Heab/EMPA™),

H. BergerfASTRA™), G. D'Urbano/BAFLU®)

Titel: Testing of SCR-Systems on HD-Vahicles-TeVaNOx

(die formelle Abgabe des Papers an SAE ist filr Januar 2014 vorgesehen).

+ Ez wird vorgeschlagen, sine Prasentation des Projektes beim ndchsten VERT-Forum an der
EMPA, im Marz 2014, durchzufilhran.

Der Projektleiter/die Projektleiterin:

MName: Pral. Dr. Crarwinski Vornames Jan
Am, Firrna, Institut; AFHB Abgaspeifstels und Malorenlabors der BFH-TI, Bl
Unterschrift des Projektleiters/der Projektleiterin:

_:f. l':la-emr:m LJ.{,'

October 2013
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Schweelzeriche Eidgenoisenschaft Eidgenosaisches Departement fr
Conféderstion sulzse Umwelt, Yerkehr, Enargle und Kemmiunikatlon UVEL
Confecerazione Svizzena Bundesamt fdr Strassen ASTRA

Confederazium s¥izra

FORSCHUNG IM STRASSENWESEN DES UVEK
Formular Nr. 3: Projektabschluss

Beurteilumg der Begleithommission:

Beurtellung:

Da= Projekt wurde speditiv an die Hand genommen, mit den Untersuchungen worde bal Frojektbewilligung
unverzlglich begonnen. Die untarsuchtan Fahrzeuge und Systemea (zeei Buase, sieben Lastwagen und edin
Lastwagen-Motor, dazu drai Untersuchungen bazlghch Sekundiramissionen) zeigen eine breile Paletie der
heute im Strassenverkehr anzuireffenden Fahrzeuge und deren Verhalten in Bezug aul NOx- und
Selundaremissionen. Glelchzeltin konnte aine grogss Anzahl SCR-Systeme, selen es Original- oder
Machristsysteme unier werschiedenen Fahr- und Messbedingungen auf ihre Wirksamkelt dberprift werden,
Dias Projektziel wurde emeicht. Das Projekt darf als gelungen und die daraws gewonnenen Erkenninises als
wartvoll bezeichnet werden,

Umsetzung:

Die aus diesem Projekt gewonnenen Erkenninisse dienen der weiteren Entwicklung der
Abgasvorschrifien, speziel was dle Reduktion von Stickoxidemissionen anbelangt aber u. U,
auch In Bezug auf heute noch nicht reglementiers Sekundiremissionan. Die Umsetzung erfolgt
auf internationaler Ebane im Rahmen der Europdischen Wirtschaftskommission der Versinten
Mationen (UMECE) im Weltforum zur Harmonisierung fahrzeugtechnischer Varschriftan
(WP.29), auf nationaler Ebene durch die Fachamter in der entsprechendan Gesatzaebung.

weitargehander Forschungsbedarf;

Der waltergahende Forschungsbedarf wird laufend Oberpriift und antsprechend dan
Erfordemnissen der Vorschriftenentwicklung (national und intermational) festgelegt.

Elrfiuss auf Mormenwerk:

Dia WP.29 ararbeitel, u. a. auf Basis der hier gewonnenen Erkenntnisse, verfeinarte Testmathoden
und Vorschrifien zur Reglementierung von Fahrzeugabgasen (sog. UNECE-Reglemente).

Der Prasident/die Prasidentin der Begleitkommission:

Mames Bargar Vorname, Helnz
At Firrna, Institut: Bundesamt fir Stressen ASTRA

Unterschrift des Prisidenten/der Prasidentin der Begleitkommission:

October 2013
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Bericht- Projekt Nr. Titel Jahr
Nr.
Experimenteller Nachweis des vorgeschlagenen Raum- und Topologiemo-
1421 VSS 2009/901 . . . 2013
dells fur die VM-Anwendungen in der Schweiz (MDATrafo)
1420 SVI 2008/003 | Projektierungsfreirdume bei Strassen und Pléatzen 2013
1419 VSS 2001/452 | Stabilitat der Polymere beim Heisseinbau von PmB-haltigen Strassenbelagen | 2013
Sulfatwiderstand vn Beton: verbessertes Verfahren basierend auf der Prifung
1416 FGU 2010/001 2013
nach SIA 262/1, Anhang D
Wissensliicken im Infrastrukturmanagementprozess "Strasse" im Siedlungs-
1415 VSS 2010/A01 ) 2013
gebiet
1414 VSS 2010/201 | Passive Sicherheit von Tragkonstruktionen der Strassenausstattung 2013
1413 SVI 2009/003 | Giterverkehrsintensive Branchen und Guterverkehrsstrome in der Schweiz 2013
ASTRA .
1412 Werkzeug zur aktuellen Gangliniennorm 2013
2010/020
Verkehrstelematik fur die Unterstitzung des Verkehrsmanagements in aus-
1411 VSS 2009/902 . 2013
serordentlichen Lagen
1410 VSS Reduktion von Unfallfolgen bei Branden in Strassentunneln durch Abschnitts- 2013
2010/202_OBF | bildung
ASTRA N . .
1409 Regelung der Luftstrdmung in Srassentunneln im Brandfall 2013
2010/017_OBF
1408 VSS 2000/434 | Vieillissement thermique des enrobés bitumineux en laboratoire 2012
ASTRA . - S -
1407 Fusion des indicateurs de sécurité routiére: FUSAIN 2012
2006/014
1406 ASTRA Amélioration du modele de comportement individuel du Conducteur pour 2012
2004/015 évaluer la sécurité d'un flux de trafic par simulation
1405 ASTRA Potential von Photovoltaik an Schallschutzmassnahmen entlang der Natio- 2012
2010/009 nalstrassen
Validierung der Kosten-Nutzen-Bewertung von Fahrbahn-
1404 VSS 2009/707 2012
Erhaltungsmassnahmen
1403 SVI 2007/018 | Vernetzung von HLS- und HVS-Steuerungen 2012
1402 VSS 2008/403 | Witterungsbestandigkeit und Durchdriickverhalten von Geokunststoffen 2012
1401 SVI 2006/003 | Akzeptanz von Verkehrsmanagementmassnahmen-Vorstudie 2012
1400 VSS 2009/601 | Begriinte Stutzgitterbdschungssysyteme 2012
1399 VSS 2011/901 | Erhéhung der Verkehrssicherheit durch Incentivierung 2012
1398 ASTRA Environmental Footprint of Heavy Vehicles Phase Ill: Comparison of Footprint 2012
2010/019 and Heavy Vehicle Fee (LSVA) Criteria
1397 FGU Brandschutz im Tunnel: Schutzziele und Brandbemessung Phase 1: Stand 2012
2008/003_OBF | der Technik
Einfluss des Umhiillungsgrades der Mineralstoffe auf die mechanischen
1396 VSS 1999/128 . . 2012
Eigenschaften von Mischgut
KarstALEA: Wegleitung zur Prognose von karstspezifischen Gefahren im
1395 FGU 2009/003 2012
Untertagbau
1394 VSS 2010/102 | Grundlagen Betriebskonzepte 2012
1393 VSS 2010/702 | Aktualisierung SN 640 907, Kostengrundlage im Erhaltungsmanagement 2012
ASTRA . B -
1392 FEHRL Institutes WIM Initiative (Fiwi) 2012
2008/008_009
ASTRA L
1391 Leitbild ITS-CH Landverkehr 2025/30 2012
2011/003
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Bericht- Projekt Nr. Titel Jahr
Nr.
1390 FGU Einfluss der Grundwasserstrémung auf das Quellverhalten des Gipskeupers 2012
2008/004_OBF | im Belchentunnel
1389 FGU 2003/002 | Long Term Behaviour of the Swiss National Road Tunnels 2012
1388 SVI 2007/022 | Méglichkeiten und Grenzen von elektronischen Busspuren 2012
VSS
1387 Ablage der Prozessdaten bei Tunnel-Prozessleitsystemen 2012
2010/205_OBF
1386 VSS 2006/204 | Schallreflexionen an Kunstbauten im Strassenbereich 2012
Bases pour la révision des normes sur la mesure et I'évaluation de la planéité
1385 VSS 2004/703 , 2012
des chaussées
Konzeptuelle Schnittstellen zwischen der Basisdatenbank und EMF-, EMK-
1384 VSS 1999/249 2012
und EMT-DB
Einfluss der Grundwasserstromung auf das Quellverhalten des Gipskeupers
1383 FGU 2008/005 | . . 2012
im Chienbergtunnel
Optimierung der statischen Eindringtiefe zur Beurteilung von harten Gussas-
1382 VSS 2001/504 2012
phaltsorten
1381 SVI 2004/055 | Nutzen von Reisezeiteinsparungen im Personenverkehr 2012
ASTRA ) . . - I
1380 Wirkungsweise und Potential von kombinierter Mobilitat 2012
2007/009
1379 VSS Harmonisierung der Ablaufe und Benutzeroberflachen bei Tunnel- 2012
2010/206_OBF | Prozessleitsystemen
1378 SVI 2004/053 | Mehr Sicherheit dank Kernfahrbahnen? 2012
Verkehrssicherheitsbeurteilung bestehender Verkehrsanlagen (Road Safety
1377 VSS 2009/302 . 2012
Inspection)
ASTRA . . .
1376 Erfahrungen im Schweizer Betonbriickenbau 2012
2011/008_004
1375 VSS 2008/304 | Dynamische Signalisierungen auf Hauptverkehrsstrassen 2012
Entwicklung eines zerstérungsfreien Priifverfahrens fir Schwiessnéhte von
1374 FGU 2004/003 2012
KDB
1373 VSS 2008/204 | Vereinheitlichung der Tunnelbeleuchtung 2012
Verkehrssicherheitsgewinne aus Erkentnissen aus Datapooling und struktu-
1372 SVI12011/001 | | 2012
rierten Datenanalysen
ASTRA . )
1371 Potenzial von Fahrgemeinschaften 2011
2008/017
1370 VSS 2008/404 | Dauerhaftigkeit von Betongranulat aus Betongranulat 2011
1369 VSS 2003/204 | Rétention et traitement des eaux de chaussée 2012
1368 FGU 2008/002 | Soll sich der Mensch dem Tunnel anpassen oder der Tunnel dem Menschen? | 2011
Grundlagen betreffend Projektierung, Bau und Nachhaltigkeit von Anschluss-
1367 VSS 2005/801 ] 2011
gleisen
Uberpriifung des Bewertungshintergrundes zur Beurteilun der Strassengriffig-
1366 VSS 2005/702 ] 2010
keit
1365 SVI 2004/014 | Neue Erkenntnisse zum Mobilitatsverhalten dank Data Mining? 2011
1364 SVI 2009/004 | Regulierung des Giterverkehrs Auswirkungen auf die Transportwirtschaft 2012
1363 VSS 2007/905 | Verkehrsprognosen mit Online -Daten 2011
1362 SVI 2004/012 | Aktivitatenorientierte Analyse des Neuverkehrs 2012
1361 SVI 2004/043 | Innovative Anséatze der Parkraukmbewirtschaftung 2012
1360 VSS 2010/203 | Akustische Fuhrung im Strassentunnel 2012
1359 SVI 2004/003 | Wissens- und technologientransfer im Verkehrsbereich 2012
1358 SVI 2004/079 | Verkehrsanbindung von Freizeitanlagen 2012
1357 SVI 2007/007 | Unaufmerksamkeit und Ablenkung: Was macht der Mensch am Steuer? 2012
1356 SVI 2007/014 | Kooperation an Bahnhofen und Haltestellen 2011
Prufung des Sulfatwiderstandes von Beton nach SIA 262/1, Anhand D: An-
1355 FGU 2007/002 2011

wendbarkeit und Relevanz fiir die Praxis
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Bericht- Projekt Nr. Titel Jahr
Nr.
Anordnung, Gestaltung und Ausfiihrung von Treppen, Rampen und Treppen-
1354 | VSS 2003/203 tng Hng Und Austtirung von Trepp pend PP 2011
wegen
1353 VSS 2000/368 | Grundlagen fir den Fussverkehr 2011
1352 VSS 2008/302 | Fussgangerstreifen (Grundlagen) 2011
1351 ASTRA Development of a best practice methodology for risk assessment in road 2011
2009/001 tunnels
1350 VSS 2007/904 | IT-Security im Bereich Verkehrstelematik 2011
In-Situ-Abflussversuche zur Untersuchung der Entwéasserung von Autobah-
1349 VSS 2003/205 2011
nen
Sicherheit bei Parallelfiihrung und Zusammentreffen von Strassen mit der
1348 VSS 2008/801 . 2011
Schiene
1347 VSS 2000/455 | Leistungsfahigkeit von Parkierungsanlagen 2010
1345 ASTRA Quantifizierung von Leckagen in Abluftkanédlen bei Strassentunneln mit kon- 2010
2007/004 zentrierter Rauchabsaugung
1345 SVI 2004/039 | Einsatzbereiche verschiedener Verkehrsmittel in Agglomerationen 2011
Initialprojekt fiir das Forschungspaket "Nutzensteigerung fur die Anwender
1344 VSS 2009/709 2011
des SIS"
Basistechnologien fiir die intermodale Nutzungserfassung im Personenver-
1343 VSS 2009/903 2011
kehr
Untersuchungen zur Frostkdrperbildung und Frosthebung beim Gefrierverfah-
1342 FGU 2005/003 2010
ren
1341 FGU 2007/005 | Design aids for the planning of TBM drives in squeezing ground 2011
1340 SVI 2004/051 | Aggressionen im Verkehr 2011
Widerstandsfunktionen flr Innerorts- Strassenabschnitte ausserhalb des
1339 SVI 2005/001 . . 2010
Einflussbereiches von Knoten
Wirkungsmodelle fur fahrzeugseitige Einrichtungen zur Steigerung der Ver-
1338 VSS 2006/902 . . 2009
kehrssicherheit
ASTRA . o
1337 Development of urban network travel time estimation methodology 2011
2006/015
1336 ASTRA SPIN-ALP: Scanning the Potential of Intermodal Transport on Alpine Corri- 2010
2007/006 dors
Stripping bei larmmindernden Deckschichten unter Uberrollbeanspruchung im
1335 VSS 2007/502 2011
labormasstab
ASTRA . ) . R _—
1334 Was treibt uns an ? Antriebe und Treibstoffe fur die Mobilitat von Morgen 2011
2009/009
1333 SVI 2007/001 | Standards fur die Mobilitdtsversorgung im peripheren Raum 2011
Standardisierte Verkehrsdaten fir das verkehrstréagerubergreifende Ver-
1332 VSS 2006/905 2011
kehrsmanagement
1331 VSS 2005/501 | Rickrechnung im Strassenbau 2011
1330 FGU 2008/006 | Energiegewinnung aus stadtischen Tunneln; Systemeevaluation 2010
1329 SVI 2004/073 | Alternativen zu Fussgangerstreifen in Tempo-30-Zonen 2010
1328 VSS 2005/302 | Grundlagen zur Quantifizierung der Auswirkungen von Sicherheitsdefiziten 2011
1327 VSS 2006/601 | Vorhersage von Frost und Nebel fur Strassen 2010
1326 VSS 2006/207 | Erfolgskontrolle Fahrzeugriickhaltesysteme 2011
Indices caractéristiques d'une cité-Vélo. Méthode d'évaluation des politiques
1325 SVI 2000/557 e . 2010
cyclables en 8 indices pour les petites et moyennes communes.
Eigenheiten und Konsequenzen fir die Erhaltung der Strassenverkehrsanla-
1324 VSS 2004/702 o . 2009
gen im Uberbauten Gebiet
1323 VSS 2008/205 | Ereignisdetektion im Strassentunnel 2011
1322 SVI 2005/007 | Zeitwerte im Personenverkehr: Wahrnehmungs- und Distanzabhangigkeit 2008
1321 VSS 2008/501 | Validation de I'oedometre CRS sur des échantillons intacts 2010
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Bericht- Projekt Nr. Titel Jahr
Nr.
Funktionale Anforderungen an Verkehrserfassungssysteme im Zusammen-
1320 VSS 2007/303 e 2010
hang mit Lichtsignalanlagen
Auswirkungen von Verkehrsberuhigungsmassnahmen auf die LA&rmimmissio-
1319 VSS 2000/467 2010
nen
1318 FGU 2006/001 | Langzeitquellversuche an anhydritfhrenden Gesteinen 2010
1317 VSS 2000/469 | Geometrisches Normalprofil fiir alle Fahrzeugtypen 2010
1316 VSS 2001/701 | Objektorientierte Modellierung von Strasseninformationen 2010
Abstimmung zwischen individueller Verkehrsinformation und Verkehrsma-
1315 VSS 2006/904 2010
nagement
1314 VSS 2005/203 | Datenbank fur Verkehrsaufkommensraten 2008
Kosten-/Nutzenbetrachtung von Strassenentwasserungssystemen, Okobilan-
1313 VSS 2001/201 | . 2010
zierung
Der Verkehr aus Sicht der Kinder:
1312 SVI 2004/006 ) . . . 2010
Schulwege von Primarschulkindern in der Schweiz
1311 VSS 2000/543 | Viabilite des projets et des Installations annexes 2010
ASTRA . R . .
1310 Beeinflussung der Luftstrémung in Strassentunneln im Brandfall 2010
2007/002
Verkehrsregelungssysteme -
1309 VSS 2008/303 - . . 2010
Modernisierung von Lichtsignalanlagen
Hindernisfreier Verkehrsraum-
1308 VSS 2008/201 . . . 2010
Anforderungen aus Sicht von Menschen mit Behinderung
1307 ASTRA Entwicklung optimaler Mischgiter und Auswahl geeigneter Bindemittel;D-A- 2008
2006/002 CH - Initialprojekt
ASTRA x
1306 Strassenglatte-Prognosesyste (SGPS) 2010
2008/002
1305 VSS 2000/457 | Verkehrserzeugung durch Parkierungsanlagen 2009
1304 VSS 2004/716 | Massnahmenplanung im Erhaltungsmanagement von Fahrbahnen 2008
ASTRA o . u - .
1303 Geschwindigkeiten in Steigungen und Gefallen; Uberprifung 2010
2009/010
Zusammenhang zwischen Bindemitteleigenschaften und
1302 VSS 1999/131 . 2010
Schadensbildern des Belages?
Optimierung der Strassenverkehrs- unfallstatistik durch Beriicksichtigung von
1301 SVI 2007/006 . 2009
Daten aus dem Gesundheitswesen
SATELROU Perspectives et applications des méthodes de navigation pour la
1300 VSS 2003/903 | télématique des transports routiers et pour le systéme d'information de la 2010
route
Projet initial - Enrobés bitumineux a faibles impacts énergétiques et écolo-
1299 VSS 2008/502 | . 2009
giques
ASTRA
1298 Griffigkeit auf winterlichen Fahrbahnen 2010
2007/012
Einsatz von Asphaltbewehrungen (Asphalteinlagen) im Erhaltungsmanage-
1297 VSS 2007/702 2009
ment
ASTRA Swis contribution to the Heavy-Duty Particle
1296 2010
2007/008 Measurement Programme (HD-PMP)
1295 VSS 2005/305 | Entwurfsgrundlagen fiir Lichtsignalanlagen und Leitfaden 2010
Wiederhol- und Vergleichsprazision der Druckfestigkeit von Gesteinkérnun-
1294 VSS 2007/405 2010
gen am Haufwerk
Détermination de la présence et de I'efficacité de dope dans les bétons bitu-
1293 VSS 2005/402 . 2010
mineux
ASTRA Entwicklung eines Pflanzendl-
1292 . o - 2010
2006/004 Blockheizkraftwerkes mit eigener Olmuhle
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Bericht- Projekt Nr. Titel Jahr
Nr.
ASTRA Fahrmuster auf Uberlasteten Autobahnen Simultanes Berechnungsmodell fiir
1291 2009/005 das Fahrverhalten auf Autobahnen als Grundlage fir die Berechnung von 2010
Schadstoffemissionen und Fahrzeitgewinnen
Conception et aménagement de passages inférieurs et supérieurs pour pié-
1290 VSS 1999/209 i 2008
tons et deux-roues légers
1289 VSS 2005/505 | Affinitat von Gesteinskérnungen und Bitumen, nationale Umsetzung der EN 2010
1288 ASTRA Footprint II- Long Term Pavement Performance and Environmental Monitor- 2010
2006/020 ing on Al
Verkehrsqualitat und Leistungsféahigkeit von komplexen ungesteuerten Kno-
1287 VSS 2008/301 . . 2009
ten: Analytisches Schéatzverfahren
Verkehrssqualitét und Leistungsféhigkeit auf Strassen ohne Richtungstren-
1286 VSS 2000/338 2010
nung
1285 VSS 2002/202 | In-situ Messung der akustischen Leistungsfahigkeit von Schallschirmen 2009
1284 VSS 2004/203 | Evacuation des eaux de chaussée par les bas-cotés 2010
1283 VSS 2000/339 | Grundlagen fir eine differenzierte Bemessung von Verkehrsanlagen 2008
Massnahmenplanung im Erhaltungsmanagement von Fahrbahnen: Zusatz-
1282 VSS 2004/715 ) 2010
kosten infolge Vor- und Aufschub von Erhaltungsmassnahmen
Systematische Wirkungsanalysen von kleinen und mittleren Verkehrsvorha-
1281 SVI 2004/002 2009
ben
1280 ASTRA Auswirkungen von fahrzeuginternen Informationssystemen auf das Fahrver- 2010
2004/016 halten und die Verkehrssicherheit Verkehrspsychologischer Teilbericht
1279 VSS 2005/301 | Leistungsfahigkeit zweistreifiger Kreisel 2009
1278 ASTRA Auswirkungen von fahrzeuginternen Informationssystemen auf das Fahrver- 2009
2004/016 halten und die Verkehrssicherheit - Verkehrstechnischer Teilbericht
1277 SVI 2007/005 | Multimodale Verkehrsqualitéatsstufen fur den Strassenverkehr - Vorstudie 2010
1276 VSS 2006/201 | Uberpriifung der schweizerischen Ganglinien 2008
ASTRA . - N . N
1275 Dynamic Urban Origin - Destination Matrix - Estimation Methodology 2009
2006/016
Einsatz von Simulationswerkzeugen in der Guterverkehrs- und Transportpla-
1274 SVI 2004/088 2009
nung
UNTERHALT 2000 - Massnahme M17, FORSCHUNG: Dauerhafte Materia-
lien und Verfahren SYNTHESE - BERICHT zum Gesamtprojekt "Dauerhafte
Beléage" mit den Einzelnen Forschungsprojekten:
- ASTRA 200/419: Verhaltensbilanz der Belage auf Nationalstrassen
- ASTRA 2000/420: Dauerhafte Komponenten auf der Basis erfolgreicher
ASTRA Strecken
1273 g . 2008
2008/006 - ASTRA 2000/421: Durabilité des enrobés
- ASTRA 2000/422: Dauerhafte Belage, Rundlaufversuch
- ASTRA 2000/423: Griffigkeit der Belage auf Autobahnen, Vergleich zwi-
schen den Messergebnissen von SRM und SCRIM
- ASTRA 2008/005: Vergleichsstrecken mit unterschiedlichen oberen Trag-
schichten auf einer Nationalstrasse
Verkehrsregelungssysteme - behinderte und altere Menschen an Lichtsig-
1272 VSS 2007/304 2010
nalanlegen
1271 VSS 2004/201 | Unterhalt von Larmschirmen 2009
1270 VSS 2005/502 | Interaktion Strasse Hangstabilitat: Monitoring und Ruckwartsrechnung 2009
1269 VSS 2005/201 | Evaluation von Fahrzeugruckhaltesystemen im Mittelstreifen von Autobahnen | 2009
1268 ASTRA PM10-Emissionsfaktoren von Abriedspartikeln des Strassenverkehrs 2009
2005/007 (APART)
MDAINSVT Einsatz modellbasierter Datentransfernormen (INTERLIS) in der
1267 VSS 2007/902 ) 2009
Strassenverkehrstelematik
October 2013 73




74

1431 | TeVeNOx — Testing of SCR-Systems on HD-Vehicles

Bericht- Projekt Nr. Titel Jahr
Nr.
1266 VSS 2000/343 | Unfall- und Unfallkostenraten im Strassenverkehr 2009
Zusammenhang zwischen dielektrischen Eigenschaften und Zustandsmerk-
1265 VSS 2005/701 . . . . 2009
malen von bitumenhaltigen Fahrbahnbelégen (Pilotuntersuchung)
1264 SVI 2004/004 | Verkehrspolitische Entscheidfindung in der Verkehrsplanung 2009
Phénomene du dégel des sols gélifs dans les infrastructures des voies de
1263 VSS 2001/503 o . . 2006
communication et les pergélisols alpins
Larmverhalten von Deckschichten im Vergleich zu Gussasphalt mit struktu-
1262 VSS 2003/503 | . i 2009
rierter Oberflache
1261 ASTRA Pilotstudie zur Evaluation einer mobilen Grossversuchsanlage fur beschleu- 2009
2004/018 nigte Verkehrslastsimulation auf Strassenbelagen
Testeinsatz der Methodik "Indirekte Vorauserkundung von wasserfuhrenden
1260 FGU 2005/001 | Zonen mittels Temperaturdaten anhand der messdaten des Létschberg- 2009
Basistunnels
Massnahmenplanung im Erhaltungsmanagement von Fahrbahnen - Synthe-
1259 VSS 2004/710 . 2008
sebericht
1258 VSS 2005/802 | Kaphaltestellen Anforderungen und Auswirkungen 2009
Wie Strassenraumbilder den Verkehr beeinflussen Der Durchfahrtswiderstand
1257 SVI 2004/057 o . N . x 2009
als Arbeitsintrument bei der stédtebaulichen Gestaltung von Strassenrdumen
Qualitatsanforderungen an die digitale Videobild-Bearbeitung zur Verkehrs-
1256 VSS 2006/903 | . 2009
Uberwachung
Neue Methoden zur Erkennung und Durchsetzung der zuléssigen Hochstge-
1255 VSS 2006/901 o 2009
schwindigkeit
Drains verticaux préfabriqués thermiques pour la consolidation in-situ des
1254 VSS 2006/502 2009
sols
Rétention des polluants des eaux de chausées selon le systeme "infilitrations
1253 | VSS 2001/203 T A 2009
sur les talus". Vérification in situ et optimisation
1252 SVI 2003/001 | Nettoverkehr von verkehrsintensiven Einrichtungen (VE) 2009
1251 ASTRA Incidence des granulats arrondis ou partiellement arrondis sur les propriétés 2008
2002/405 d'ahérence des bétons bitumineux
1250 VSS 2005/202 | Strassenabwasser Filterschacht 2007
1249 FGU 2003/004 | Einflussfaktoren auf den Brandwiderstand von Betonkonstruktionen 2009
1248 VSS 2000/433 | Dynamische Eindringtiefe zur Beurteilung von Gussasphalt 2008
Anforderungen an die strassenseitige Ausriistung bei der Umwidmung von
1247 VSS 2000/348 . 2009
Standstreifen
Massnahmenplanung im Erhaltungsmanagement von Fahrbahnen: Bedeu-
1246 VSS 2004/713 | tung Oberflachenzustand und Tragféhigkeit sowie gegenseitige Beziehung fur | 2009
Gebrauchs- und Substanzwert
Verfahren zur Bestimmung des Erhaltungsbedarfs in kommunalen Strassen-
1245 VSS 2004/701 2009
netzen
Massnahmenplanung im Erhaltungsmanagement von Fahrbahnen - Ge-
1244 VSS 2004/714 | samtnutzen und Nutzen-Kosten-Verhéltnis von standardisierten Erhaltungs- 2008
massnahmen
1243 VSS 2000/463 | Kosten des betrieblichen Unterhalts von Strassenanlagen 2008
1242 VSS 2005/451 | Recycling von Ausbauasphalt in Heissmischgut 2007
ASTRA . .
1241 Erhéhung der Aussagekraft des LCPC Spurbildungstests 2009
2001/052
1240 ASTRA L'acceptabilité du péage de congestion: Résultats et analyse de I'enquéte en 2009
2002/010 Suisse
1239 VSS 2000/450 | Bemessungsgrundlagen fur das Bewehren mit Geokunststofffen 2009
Verkehrssicherheit an Tagesbaustellen und bei Anschliissen im Baustellenbe-
1238 VSS 2005/303 . . 2008
reich von Hochleistungsstrassen
1237 VSS 2007/903 | Grundlagen fur eCall in der Schweiz 2009
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Bericht- Projekt Nr. Titel Jahr
Nr.
1236 ASTRA Analytische Gegenuberstellung der Strategie- und Tatigkeitsschwerpunkte 2008
2008/008_07 | ASTRA-AIPCR
Forschungspaket Massnahmenplanung im EM von Fahrbahnen - Standardi-
1235 VSS 2004/711 | . 2008
sierte Erhaltungsmassnahmen
1234 VSS 2006/504 | Expérimentation in situ du nouveau drainomeétre européen 2008
1233 ASTRA Unterhalt 2000 Forschungsprojekt FP2 2009
2000/420 Dauerhafte Komponenten bitumenhaltiger Belagsschichten
651 AGB Instandsetzung und Monitoring von AAR-geschadigten Stiitzmauern und 2013
2006/006_OBF | Briicken
650 AGB 2005/010 | Korrosionsbestandigkeit von nichtrostenden Betonstahlen 2012
649 AGB 2008/012 | Anforderungen an den Karbonatisierungswiderstand von Betonen 2012
AGB 2005/023
648 + Validierung der AAR-Prufungen fir Neubau und Instandsetzung 2011
AGB 2006/003
Quality Control and Monitoring of electrically isolated post- tensioning tendons
647 AGB 2004/010 | .~ . 2011
in bridges
646 AGB 2005/018 | Interactin sol-structure: ponts a culées intégrales 2010
645 AGB 2005/021 | Grundlagen fir die Verwendung von Recyclingbeton aus Betongranulat 2010
Hochleistungsfahiger Faserfeinkornbeton zur Effizienzsteigerung bei der
644 AGB 2005/004 2010
Erhaltung von Kunstbauten aus Stahlbeton
Akustische Uberwachung einer stark geschadigten Spannbetonbriicke und
643 AGB 2005/014 ) 2010
Zustandserfassung beim Abbruch
642 AGB 2002/006 | Verbund von Spanngliedern 2009
Empfehlungen zur Qualitatskontrolle von Beton mit Luftpermeabilitdtsmes-
641 AGB 2007/007 2009
sungen
640 AGB 2003/011 | Nouvelle méthode de vérification des ponts mixtes a &me pleine 2010
RiskNow-Falling Rocks Excel-basiertes Werkzeug zur Risikoermittlung bei
639 AGB 2008/003 ) ) 2010
Steinschlagschutzgalerien
Ursachen der Rissbildung in Stahlbetonbauwerken aus Hochleistungsbeton
638 AGB2003/003 . 2008
und neue Wege zu deren Vermeidung
637 AGB 2005/009 | Détermination de la présence de chlorures a l'aide du Géoradar 2009
636 AGB 2002/028 | Dimensionnement et vérification des dalles de roulement de ponts routiers 2009
Applicabilité de I'enrobé drainant sur les ouvrages d'art du réseau des routes
635 AGB 2004/002 . 2008
nationales
634 AGB 2002/007 | Untersuchungen zur Potenzialfeldmessung an Stahlbetonbauten 2008
633 AGB 2002/014 | Oberflachenschutzsysteme fiir Betontragwerke 2008
Sicherheit des Verkehrssystem Strasse und dessen Kunstbauten
632 AGB 2008/201 . . . . 2010
Testregion - Methoden zur Risikobeurteilung Schlussbericht
Applications structurales du Béton Fibré a Ultra-hautes Performances aux
631 AGB 2000/555 2008
ponts
Korrosionsinhibitoren fiir die Instandsetzung chloridverseuchter Stahlbeton-
630 AGB 2002/016 2010
bauten
AGB 2003/001
629 + Integrale Briicken - Sachstandsberichts 2008
AGB 2005/019
Massnahmen gegen chlorid-induzierte Korrosion und zur Erhéhung der Dau-
628 AGB 2005/026 . 2008
erhaftigkeit
Eigenschaften von normalbreiten und Uberbreiten Fahrbahniibergangen aus
627 AGB 2002/002 . 2008
Polymerbitumen nach starker Verkehrsbelastung
Sicherheit des Verkehrssystems Strasse und dessen Kunstbauten: Baustel-
626 AGB 2005/110 . L 2009
lensicherheit bei Kunstbauten
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Folge aussergewdhnlicher Einwirkungen bei Kunstbauten

Bericht- Projekt Nr. Titel Jahr

Nr.
Sicherheit des Verkehrssystems Strasse und dessen Kunstbauten: Effektivitat

625 AGB 2005/109 . . 2009
und Effizienz von Massnahmen bei Kunstbauten
Sicherheit des Verkehrssystems / Strasse und dessen Kunstbauten / Risiko-

624 AGB 2005/108 . . 2010
beurteilung fur Kunstbauten
Sicherheit des Verkehrssystems Strasse und dessen Kunstbauten: Tragsi-

623 AGB 2005/107 . 2009
cherheit der bestehenden Kunstbauten

622 AGB 2005/106 | Rechtliche Aspekte eines risiko- und effizienzbasierten Sicherheitskonzepts 2009
Sicherheit des Verkehrssystems Strasse und dessen Kunstbauten

621 AGB 2005/105 . ) 2009
Szenarien der Gefahrenentwicklung
Sicherheit des Verkehrssystems Strasse und dessen Kunstbauten: Effektivitat

620 AGB 2005/104 . 2009
und Effizienz von Massnahmen
Sicherheit des Verkehrssystems / Strasse und dessen Kunstbauten / Ermitt-

619 AGB 2005/103 - 2010
lung des Netzrisikos
Sicherheit des Verkehrssystems Strasse und dessen Kunstbauten: Methodik

618 AGB 2005/102 . - . 2009
zur vergleichenden Risikobeurteilung
Sicherheit des Verkehrssystems Strasse und dessen Kunstbauten

617 AGB 2005/100 } 2010
Synthesebericht
Beurteilung von Risiken und Kriterien zur Festlegung akzeptierter Risiken in

616 AGB 2002/020 2009
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