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Samenvatting voor beleidsmakers

Aanleiding

Om de uitstoot van fijn stof door vrachtverkeevéeminderen, heeft het ministerie van
VROM in 2006 een stimuleringsregeling opengestelorretrofit roetfilters op Euro I
en Euro Il vrachtwagens. Het gaat in deze regadimgzowel zg. half-open of open
roetfilters als zg. gesloten roetfilters. In deipge 2007 tot januari 2009 zijn ongeveer
15,000 halfopen roetfilters en 8,000 gesloten ilbets gemonteerd.

Van de halfopen roetfilters wordt vereist dat zeéntypegoedkeuringstest tot 50%
reductie in fijn stof uitstoot leiden.

In 2008 is door TNO een laboratorium onderzoek haafiltratierendement van half-
open roetfilters verricht op een motorproefstarderbij zijn zes roetfilters getest op

1 type (zware) motor. Dit onderzoek liet teleulsiedle rendementen zien: 5-20% bij
stadsgebruik en nationaal snelweggebruik en 20-iptangdurig snelweggebruik. Op
basis van deze resultaten rees de vraag of dedememten representatief zijn voor
andere (m.n. middelzware) typen vrachtautomotorearglere roetfilters, en in
hoeverre de rendementen worden beinvlioed door deemaan meten. Om deze vragen
te beantwoorden is een vervolgonderzoek opgezehielawordt gerapporteerd.

Opzet van het onderzoek

In dit onderzoek zijn 9 verschillende open roetftt (5 verschillende typen) getest op 4
verschillende vrachtwagens. Drie ervan zijn typésdistributietrucks, aangezien deze
trucks de grootste bijdrage hebben aan luchtkvilteoblemen in steden. De vierde
truck is een zware truck, en is gekozen om coieetaet de motorproefstand metingen
mogelijk te maken. De roetfilters zijn afkomstid dé praktijk, en zijn gedurende 10-23
maanden gebruikt door transportbedrijven.

De voertuigen met roetfilters zijn getest in hétdeatorium, in een testprocedure die
zoveel mogelijk het werkelijke gebruiksprofiel beea. Dit is van belang omdat het
gedrag van roetfilters sterk afhangt van de gebogafdities (m.n.
uitlaatgastemperatuur) en de geschiedenis vanetiters. Bij de ontwikkeling van de
testprocedure zijn daadwerkelijke gebruiksprofiaelan distributietrucks gebruikt.

Resultaat en conclusie
Het onderzoek laat zien dat het gemiddelde fiktratidement tijdens stadsgebruik rond
de 40% ligt, en bij gebruik op de snelweg rond 0&3

De gemeten rendementen zijn gemiddeld lager dagistén de typegoedkeuringstest,
maar hoger dan die gemeten in het eerste labarat@nderzoek. Nadere analyse laat
zien dat de verschillen toe te schrijven zijn aarverschillende testprocedures die zijn
gehanteerd. Eén van de vijf geteste filtertypereoscheidde zich in positieve zin met
een aanzienlijk beter rendement dan de typegoeitkesais.

Het onderzoek laat zien dat zowel de testprocealsrde historie van het roetfilter
grote invlioed hebben op de gemeten rendementerbddaitent dat ook in de prakitijk
het gebruiksprofiel van het roetfilter van grotelged zal zijn op het
praktijkrendement. De in dit onderzoek gekozen itk biedt echter een
betrouwbare indicatie van het rendement van roetfilin de praktijk.
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Summary

Background and objective

In 2006 the Dutch Ministry of Housing, Spatial Riang and the Environment (VROM)
introduced an incentive scheme for retrofittingseieparticulate filters on Euro Il and
Euro Il trucks. This scheme involves both parfiedv and full flow diesel particulate
filters (also called semi-open or open respectiveyl-flow or closed filters). In the
period 2007 till January 2009 about 15,000 pafiiaV filters and 8,000 full flow diesel
particulate filters were installed. The minimumnrékion efficiency requirement for the
partial flow diesel particulate filters is 50% chgithe type approval test.

In 2008 an engine dynamometer test programme waducted to measure the
filtration efficiency of retrofit open particulatditters of heavy trucks. This led to
somewhat disappointing results with average filtraefficiencies in the range of 5-
20% during city and national motorway driving cdiatis up to 20-40% during long
distance motorway driving.

This result leads to two main questions: 1) Is tb@&ilt also representative for medium
heavy trucks used for delivery, and 2) do similficiencies show up also in tests on
entire vehicles, tested under conditions as clegmasible to their real world usage
profile.

To this end, an additional measurement programnsed&fined, which is reported here.

Objective

The objective of the study reported here is tometee the real world filtration
efficiency of retrofit partial flow particulate férs for a number of trucks under
different driving conditions such as city and metay driving. The emphasis should be
on medium heavy trucks typically used for natichalivery.

Measurement programme

The measurement programme consisted of measuremim(@ retrofit open
particulate filters on four different trucks. Thevere three typical national delivery
trucks and one typical long haul truck. Refer tdl€al, which also gives an overview
of total vehicle weights and test cycles used dytive chassis dynamometer testing.

Table 1. Overview tests with four trucks with réitrdiesel particulates filters

Truck | Category Vehicle weights (tonne)
National International
City Motorway Motorway

1 150-225kw | 11.5and 185 11.5and 18.5

2 150-225kw | 11.5and 18,5 11.5and 18.5

3 150-225kw | 11.5and 18,5 11.5and 18.5

4 > 225 kW 14 and 24 14 and 24 41 motorway cycle

41, 47.5 constant speed

The tests were conducted at the facilities of VIEEAnical Research Centre of Finland.
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The test set up consisted of a transient chass@mgmeter (roller bench) equipped
with a full-flow dilution tunnel for measuring p#&tilate emissions. In total more than
300 tests were done in two test periods.

The nine retrofit particulate filters were usedéiit obtained from five transport
companies. They had been used on trucks duringi@dpef 10 to 23 months or 30,000
to 235,000 km.

Test cycles and test sequence:

Open particulate filters are very sensitive toghgine load pattern during testing, but
also to the usage during the hours, days and waafkse the tests. For that reason the
usage pattern of typical national delivery truckd o a lesser extent typical long haul
trucks were extensively investigated. This condiste evaluations of the driving
pattern throughout the day (mix of city, rural andtorway), exhaust gas temperature
profile and vehicle weight distribution (due to gamweight). Input was also obtained
from industrial stakeholders. Consequently durhngfirst test period, the test cycles
for city and motorway driving were adapted to ffie real world exhaust gas
temperature conditions. The sequence of testsghaut the day was chosen to match
realistic daily load patterns.

Results

In total 9 retrofit open particulates filters weested on 4 trucks. In Figure 1 an
overview is given of the average and range ofdfiitm efficiency per truck and per test
type. Each filter was tested during city and motywycles with two vehicle weights.
Truck number 4, the heavy truck, was additionaisteéd with test types representative
for international heavy goods transportation. Tigare shows that the average filtration
efficiency generally varies between 15% and 55% @kception is truck number 3.

For this truck two different filter types were tedt One had a filtration efficiency
around 80%. Truck number 4 showed some negativeamdfiltration efficiency

results.

Truck 1 | Truck 2 I Truck 3 I Truck 4 |

City Cycle |[ Motorway City Cycle Motorway | [City Cycle | [ Motorway |

11,5t18,5t|| 11,5t 18,5t 11,5t 18,5t| | 11,5t 18,5t

[cityCycle | Motorway [ 83km/h] 76km/h |

* Gad  [ad]
I 7 m e [N gy B el

40%

20%

0% -

-20%

-40%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Truck / Cycle

Figure 1. Average and range of filtration efficieeof retrofit particulate filters on four trucks
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In Table 2, the average filtration efficiencies given for different driving conditions.
The upper and lower value of the range are respygtihe average of the
measurements with the low and the high total vehieight. The result for “motorway
international” is only based on the tests withtieavy truck, truck 4. The average
filtration efficiency in that case was close to 2Based on the engine dynamometer
tests in 2008 (phase 1), it is likely that with tonous motorway driving (longer than
about 3 hours) efficiency would go up to a valu¢hie range of 30% to 40%.

Table 2. Range of average filtration efficiencyretfofit open particulate filters for trucks

Driving condition Vehicle weight  Filtration efficiency
range (ton)

city 11-24 36% to 44%

Motorway national 11-24 30% to 40%

Motorway international heavy trucks only 41 - 47 20%

Motorway average 30%

Blow-off of stored particulates

The phenomenon of blow-off of stored particulatas been regularly reported with
passenger car retrofit (partial flow) particulafiters. The test programme was
organised in such a way that the release of péatiesiduring blow-off would be
measured. This was done by avoiding any conditgpoinpretesting and to always have
the dilution tunnel and particulates sampling systgerational when the truck was
running.

During the measuring programme of in total about #3ts, there were four tests with a
possible release or blow-off of stored particula@se test showed an emission
increase of 100% compared to engine out level, vimdicates a release of stored
particulates.

Correlation with phase 1 results

Phase 1 consisted of engine dynamometer testweétrofit open particulate filters.
The results are correlated with those of the heaugk (truck 4) which has an identical
engine.

The results are as follows:

- There is a good correlation for the tests simugptitotorway driving (based on tests
with a vehicle weight of 41 to 47 ton). Also the&Tests correlated well with the
corresponding chassis dynamometer tests.

- There is a considerable difference between the sstulating city driving. The
average filtration efficiency is respectively 13#%d&26% for the engine
dynamometer and chassis dynamometer tests.

The main reasons identified for the difference niyiGity driving conditions are:

a) the difference in average exhaust gas temperdtawer with the chassis
dynamometer testing resulting in a higher efficigrand

b) the difference in test sequence. The more freigalernations between motorway
and city cycle tests has a positive influence endity cycle efficiency during the
chassis dynamometer tests.
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Moreover the chassis dynamometer tests cover a wadge of driving conditions and
vehicle weights. This also leads to a higher avefdation efficiency under city

driving conditions. In addition to that, the distiion can be made between national and
international motorway driving. Refer to Table 2.

NO, emissions

NO, emissions generally increase when a diesel p&ateilter is installed. NQis
intentionally made by a catalytic coating in ortepromote the regeneration of
particulates. The NE£concentrations were measured with the 7 retritérs on the
medium heavy trucks. This showed a moderate inereBblO, as a percentage of NO
after application of a diesel particulate filteorkeity driving NG increased from a few
percent to 8%-15% depending on the vehicle wekgtit.motorway driving, N@
increased from a few percent to about 23%.

Conclusions

A measuring programme was conducted which was satlien measuring the filtration
efficiencies of retrofit open particulate filterraedium heavy and heavy trucks under
simulated real-world conditions.

This leads to the following values for the averfitpation efficiency:

For both medium heavy and heavy trucks with a tahicle weight in the range of
11 to 24 tons:

- around 40% during city driving

- around 35% during motorway driving

For heavy trucks with a total vehicle weight betwd® and 47 tons: around 20%
during motorway driving

Possible blow-off of stored particulates happendg a few times during the phase
2 program (with medium and high vehicle weights3tdn).

The precise load pattern and load pattern histavela large impact on the
filtration efficiency. This explains the differeneéth the phase 1 results. The
efficiency is higher with relatively low vehicle vgits and after driving conditions
which are favourable for regeneration.
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1.2

Introduction

Background

In 2006 the Dutch Ministry of Housing, Spatial Rlarg and the Environment (VROM)
introduced an incentive scheme in the Netherlaodeetrofitted diesel particulate
filters for Euro 1l and Euro Il trucks. As a resof this, in the period 2007—-2008 some
23,000 closed (wall-flow) and (half)open dieseltjgattate filters were installed in the
Netherlands.

The scheme is described in ‘Type approval requirgsir retrofitted particulate
matter reduction systems for Euro 2 and Euro 3 maghicles that have been permitted
based on an approval in accordance with Direct8/@ BEEC or Directive 2005/55/EC
respectively’. The scheme includes two categorieBesel particulate filters: at least
50% reduction in particulate mass (typical pafiialv or ‘open’ or ‘semi-open’ diesel
particulate filters ) and at least 90% reductiopanticulate mass (typical full flow or
closed diesel particulate filters).

An important part of the incentive scheme for gartte filters was a testing
programme, to see whether the incentive leadsstdfecient reduction in particulate
matter emissions. In this context, in 2008 an emgiynamometer test programme was
conducted to measure the filtration efficiency etfofit partial flow particulates filters
of heavy trucks. This leads to somewhat disappuntesults with average filtration
efficiencies in the range of 5-20% during city aradional motorway driving conditions
up to 20-40% during long distance motorway driving.

This result leads to two main questions: 1) Is tb@&ilt also representative for medium
heavy trucks used for delivery? and 2) do siméficiencies show up also in tests on
entire vehicles? To this end, an additional measar¢ programme was defined, which
is reported here.

In addition to the above test programme which tolalkce at TNO on an engine test
bench in 2008 [3] TNO was ordered by SenterNovepetform tests with open diesel
particulate filters on a chassis dynamometer. imgbcond test programme 6 used
particulate filters have been selected for 3 trygles (2 per truck type) which have
preferably been used for 50.000 km or more. Thecsedl trucks are three delivery
trucks. Special attention has been paid to thewedt efficiencies of these used patrtial
flow diesel particulate filters. Later, a seconsltinction was issued and the chassis
dynamometer programme was extended to include mezasats of two used partial
flow diesel particulate filters of a long haul tkuc

In the test programme, reported here, four typeetobfit partial flow diesel particulate
filters for distribution trucks and one type diepatticulate filter for a long haul truck
are examined. These retrofitted partial flow digmeticulate filters should have an
efficiency of at least 50% during the type apprdeat. Other names which are used for
the partial flow diesel particulate filter are: REpen or semi-open diesel particulate
filter or PM-cat (PM kat). Within this report it &so referred to as DPF.

Objective

In the context of the relatively low filtration éfencies of retrofit partial flow diesel
particulate filters measured in 2008 for a heaugkr the objectives for this study were:
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1.4

- Measurement of the real world filtration efficienggder different driving
conditions of partial flow diesel particulate filsefor medium heavy trucks,
typically used for national delivery.

- Investigate the influence of the measuring procedyralso including one
heavy truck with retrofit diesel particulate filter

Approach

To reach the objective, a test programme was diéfimevhich 3 trucks and 6 diesel
particulate filters were examined at VTT, Finlamtie trucks were selected to be
representative for national delivery, as the maimaality problems are associated with
freight distribution in cities. Also, a long-haulitk was chosen to allow correlation
with the phase 1 results.

The trucks were subjected to a test sequence loasactually determined driving
profiles for this truck type, so as to provide ascimas possible a representative
scenario.

The following activities were carried out in thimgramme:

» Selection of truck/engine types and diesel paldie filter types.

« Selection of eight used diesel particulate fiter

» Determination temperature profile retrofit opanrtjtulate filter of a distribution
truck.

» Determination test loads and the test sequences.

» Fit chassis dynamometer temperature profile ahwerld profiles.

« Determination of real world emissions of retraffien particulate filter's on three
delivery trucks.

» Determination of real world emissions of retrafiien particulate filter's on a long
haul truck.

The test programme was to be carried out on fdterdint trucks on a heavy-duty
chassis dynamometer and eight used diesel patgdilters (nine filters were actually
tested).

Operation of partial flow diesel particulate filter

In this project nine (passive) partial flow diepaltticulate filters of five types were
tested. The particulate filter consists in prineipf two parts: an oxidation catalyst and
a semi-open diesel particulate filter. The words'sige’ relates to the nature of the
activation of the diesel particulate filter regeat@n. This means that the regeneration
of the diesel particulate filter will occur whertartain temperature level is exceeded;
no special activation mechanisms are present. ‘Sgen’ provides information about
the geometry and the filtration mechanism; dedpieing, the diesel particulate filter
is not easily blocked. Due to the semi-open stinectiowever, the filtration efficiency
is limited. Some of the exhaust gas can flow thirougimpeded.
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Figure 2: Schematic particulate filter with thermageneration

When the engine is running any one of four situetioan occur in a semi-open diesel
particulate filter; these can also occur simultarsdp (Figure 2):

1 diesel particulate is oxidised

2 diesel particulate is captured

3 diesel particulate passes through

4 captured diesel particulate is released and emitted

The result of these four situations is a captufieiefcy or conversion efficiency of the
diesel particulate filter, also referred to simplythe efficiency.

During the regeneration of a diesel particulateffi diesel particulate is oxidised. This
can occur in the following two ways [2]:
Diesel particulate + N® Depending on the catalytic loading of the diesel
particulate filter, upwards of a certain temperatwvel (175 °C) the oxidation of
diesel particulate takes place by means 0f.NDe catalytic element is primarily
used in the conversion of NO to DN@\s well as sufficient N@and a certain
temperature level, this reaction requires suffictene to burn a certain quantity of
diesel particulate. The reaction of h®With diesel particulate progresses relatively
slow and accelerates at higher temperatures. Upvwdrad50 — 275 °C the
regeneration capacity is sufficient to oxidise diesel particulate produced by the
engine.
Diesel particulate + © At temperatures in excess of 400 °C diesel paete
reacts with the oxygen present and burns awayyfficgent diesel particulate is
ignited and sufficient thermal energy is generatlee adjacent diesel particulate
will also ignite.
In this way, the reaction amplifies itself and gangress very quickly. If sufficient
oxygen is present, a diesel particulate filter generate completely within a
couple of dozen seconds.

If the conditions for regeneration are presenhandiesel particulate filter (sufficient
diesel particulate +Ng sufficient reaction time and a sufficiently higgmperature
level), the captured diesel particulate will reaith NO, and oxidises. However, at
lower exhaust gas temperatures, no oxidation afedligarticulate occurs and some of
the diesel particulate emission is captured irdibeel particulate filter. In this case,
capture or buffering is said to be occurring.

For a diesel particulate filter to function weltartain temperature level must be
reached regularly, as a result of which the dipadiculate filter regenerates. In
practice, the following rule of thumb applies tasttype of diesel particulate filter: for
an 8-hour period the temperature behind the dgsgiculate filter must exceed 300 °C
at least 5% of the operating time.
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1.6

Load factor and diesel particulate filter history

The load factor of a diesel particulate filter et@'mined primarily by the quantity of
captured diesel particulate and this depends haethe vehicle’s recent use. At
temperatures below the regeneration temperaturitdres loaded with diesel
particulate; in urban traffic this can occur ovearalonged period. If the regeneration
temperature is exceeded, some of the captured p@diulate is oxidised. In general,
regeneration commences at 250 °C and will continwmmpletion in excess of 300 °C.

The load factor of a diesel particulate filter etefmined by measuring the exhaust
back pressure in front of the diesel particuldterfunder certain engine conditions. A
high exhaust back pressure indicates a loaded ¢iadgéulate filter, a low exhaust
back pressure an unloaded diesel particulate.filter

The diesel particulate filter loadings and the regations determine the current loading
of the diesel particulate filter and together tfayn the diesel particulate filter history.
A complete regeneration of the diesel particuldterfcan remove all the captured
diesel particulates; this happens when temperagxeseding 350 °C are maintained
for an extended period.

As the previous history of the selected dieselipaete filters was not known, these
filters were tested in the condition in which thegre received. In this study, the
filtration efficiency of real world loaded diesehipiculate filter was determined.

Determining diesel particulate filter efficiency

Type approval procedure diesel particulate filter:
The type approval procedure for retrofitted digsaticulate filters is conducted in
accordance with Directive 88/77/EEC and Directi@@2/55/EC respectively. It is
carried out on an engine test bench and is vatithi entire engine family. An engine
family is characterised by identical dimensions miahtical hardware; only the tuning
(the maximum power) varies.
The standard procedure is as follows. Firstly,ghdiculate matter emission of the
engine (without diesel particulate filter) is debémed in a European Transient Cycle
(ETC test). Next, the diesel particulate filteiristalled and the ETC test is repeated.
Based on these two results, the efficiency of fhedal particulate filter is determined.
For semi-open diesel particulate filters used aoks a minimum efficiency
requirement of 50% applies in the type approvdlpgescedure.

The efficiencies of the tested diesel particuldtert were determined on the basis of
the measured PM emissions (Particulate Mattemaint fof and behind the diesel
particulate filter. PM emissions are measured ahg diluted exhaust gas with a
temperature lower than 52 °C to flow through Teftwated paper filters. Solid
particles collect on the paper filter. Weighing fliier before and after the test
determines the captured particulate mass and atiloo$ are made to determine total
emissions. Diesel particulate filtration efficieasiare calculated using the following
formula:

opr = 1 — PMosiorr/ PMyreppr

In principle, two test results are required to detae the efficiency of a diesel
particulate filter, and these must be obtained Kameously. However, it is not possible
to achieve with the measuring equipment that wad.u&n alternative customary
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method consists of the consecutive measuremehed? emissions of the engine and
the diesel particulate filter. In general, an eBgrPM emission reproduces between
tests and within certain limits can be assumecdetodnstant. In this programme the
engine’s PM emissions were measured before andraftefit open particulate filter
testing. These results provided the basis for deténg the engine’'s PM emission in a
test with a diesel particulate filter.

The previous described measurement procedure tsagesfor this test programme
except the applied test cycles. In order to sineutal world conditions more
convenient test cycles are run.
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2.2

Experimental design

Selection of truck and diesel particulate filters

The selection of the used retrofitted diesel paldite filters took place in consultation
with SenterNovem’s diesel particulate filter regasion system. It was decided to test
particulate filters of delivery trucks (150 — 225kVifter testing of the three delivery
trucks TNO was asked by SenterNovem to perforns t&gh retrofit open particulate
filters on a chassis dynamometer with a long haugkt with equal engine and diesel
particulate filter specifications as used in thgiea dynamometer programme at TNO
laboratory in Helmond [3], to allow correlationthie results of the different test series.

Furthermore, the primary selection of the useddalliparticulate filters was based on the
following criteria:

National transport, 50,000 — 100,000 km.

International transport, 100,000 - 200,000 km.

Next, haulage firms were approached and five agi@edoperate in the study. In total,
they made eight used diesel particulate filterslable. On one selected truck was a
particulate filter mounted. With this ninth filtatso some measurements were executed.

The three selected 20 tonne delivery test trucks wkaced at TNO's disposal by three
different importers of three different trade maaksl were shipped from The
Netherlands to Finland. These trucks have beenfasetational distribution transport.
The 42 tonne long haul truck was rented from aiBmtocal truck dealer. All four

trucks were equipped with Euro Il technology. Thain engine characteristics are
presented in Figure 3.

400
)

300 -
z
g 2
g 200 +— A
=
2
5 100

O T T

6000 8000 10000 12000 14000

Displacement [cm3]

Figure 3. Engine rated power and cylinder disptazet of the four test trucks

Diesel particulate filters; origin and history

The diesel particulate filters were selected instdtation and with due regard for the
selection criteria. In Table 3 the specific datdhaf particulate filters are reported.



TNO report | MON-RPT-033-DTS-2009-03641 | 1.0

2.3

15

In some cases the exact history and operating tionsgliof the diesel particulate filters

were not known. Mostly general information was &lae of these vehicles.

Diesel particulate filter 1 was not part of theroéit open particulate filter selection.
It was mounted on a selected truck. The histompigfretrofit open particulate filter

is unknown.

Diesel particulate filters 2 and 3 were appliedadnuck which transports reg
goods to 8 shops in 8 cities per day.

Diesel particulate filter 4 was applied on a padmdivery truck.

Diesel particulate filter 5 was applied on a sab/&gck in a city.

Diesel particulate filter 6 and 7 were applied ameéional delivery truck.
Diesel particulate filters 8 and 9 were appliedany haul trucks.

Table 3: Tested semi-open diesel particulate §ilter

ional

Diesel particulate filters, delivery trucks natibnae

After completion of the measurement programmeslibgel particulate filters we
sent back to the owners and replaced under thaaligehicles.

Experimental programme

In this test programme more than 300 emission teste performed.

re

The purpose of the experimental programme wastermée the efficiency under real
world conditions of six used diesel particulatéefis of delivery trucks and two used

diesel particulate filters of long haul trucks imleaded as well as loaded states.

The

diesel particulate filters were tested in the ctiadiin which they were received from
the user; no preconditioning took place. In orderetain the history of the particulate
filter as long as possible, the first test seriesexperformed with an unloaded truck

setting. After the unloaded series the loadedsieses were executed. In principl
performing the emission tests of diesel particulidtiers in immediate succession
illuminates any effects of the previous history &mel preceding emission tests.

ev

DPF 1 2 3 4 5 6 7
Vehicle type 1 1 1 2 2 3 3
Date of installation 24-12-2007 19-12-200 12-2-200B 16-11-20p7
Mileage [km] 466,882 382,870 57,266 150,404 462,000 271,747
Date disassembling on truck March March 11-11-2009| 11-11-2009 30-1-2009 1-3-200

2009 2009
Mileage [km] 417,000 580,000 460,000 109,757 106,93 548,000 ,7385
Mileage DPF [km] 30,138 113,118 77,130 52,491 56,530 86,00 55,00p
Diesel particulate filters, long haul truck intetioaal use

8 9

Vehicle type 4 4
Date of installation 17-3-2008 | 5-11-2007
Mileage [km] 367,120 235,311
Date disassembling 16-7-2009 | 23-7-2009
Milaage [km] 604,923 345,230
Mileage DPF [km] 237,803 109,919
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2.3.2

This approach provides insight into the dieselipaldte filter's efficiency over a
certain period.

Figure 4: Chassis dynamometer test cell (vehiaevshwas not used for the test programme)

Real world conditions and retrofit open particuldiier temperatures

Based on previous studies [3] and [4] and feedlfack vehicle manufacturers, it was
concluded that the filtration efficiency of operpzulate filters is quite dependent on
the average exhaust gas temperature and also amihnt of stored particulates in the
retrofit open particulate filter. The latter is @mglent on the historic load pattern, i.e.
the load pattern during the last days and possiblgks. Therefore it is very important
to know the precise load patterns conditions amitrans throughout the day. These
conditions are base input for the several testesyiti this programme. The applied city
and motorway driving test cycles should also ba gertain sequence to simulate the
variations in day to day driving. Consequently pneparation steps in this test
programme are:

- Analysis of the average retrofit open particulalterftemperature profile under day
to day use real-world conditions.

- Definition of several test cycles (i.e. for citydamotorway driving) and vehicle
parameters such as weight.

- Definition of the precise sequence of test cyatesrier to represent normal
variations in day to day use.

This procedure, and the resulting test cycleseapdained in detail in section 3.

History effects

From the open filters, it is known that the filicat efficiency is very much dependent
on the particulates load of the filter (which ipdadent on the historic load pattern),
temperatures and engine out PM-emissions. In aodereserve the filter history (both
from their use in practice as well as the testingh® chassis dynamometer), no
conditioning tests at all were run: neither athleginning of the day nor in between
tests. During engine running the particulates samg@ystem was running
continuously. The first test of a day was labeled@ld start test.
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Determination of filtration efficiency

Simultaneous particulate measurements pre andgtostit open particulate filter are
not possible because only one full flow dilutionnel is available. In this project,
engine out emission tests of each truck were pmddrat the start and finish of the test
sequence. These engine out test results are naedaltulate the diesel particulate
filtration efficiency. If a diesel particulate ft was installed, only the emission levels
post diesel particulate filter was measured.

The first step towards determining a diesel pakdieufilter’'s efficiency is to determine
the engine emissions. Next, the diesel particdlte is installed and the tests are
repeated and conducted in a certain sequence.

Truck emission measurements (without diesel pdsietilter)
- City cycle test

- Motorway cycle test

- Motorway constant speed test (only long haul truck)

- Constant engine speed test (only long haul truck)

Delivery truck: Emission measurements of six pattte filters
The diesel particulate filters of the delivery tkaavere thoroughly tested in two load
conditions, see Table 4.

- 11.5tonne load (motorway cycle and city cycle)
- 18.5 tonne.load (motorway cycle and city cycle)

Table 4: Test schedule distribution truck and lbagl truck national use

Activity Load [tonne] Duration [sec]|  Duration [min
Motorway cycle 11.5 1272 21.2
City cycle 115 1234 20.6
Motorway cycle 115 1272 21.2
City cycle 115 1234 20.6
City cycle 115 1234 20.6
City cycle 115 1234 20.6
Motorway cycle 11.5 1272 21.2
Motorway cycle 115 1272 21.2
Motorway cycle 11.5 1272 21.2
City cycle 115 1234 20.6
Motorway cycle 11.5 1272 21.2
Motorway cycle 18.5 1272 21.2
City cycle 18.5 1234 20.6
Motorway cycle 18.5 1272 21.2
City cycle 18.5 1234 20.6
City cycle 18.5 1234 20.6
City cycle 18.5 1234 20.6
Motorway cycle 18.5 1272 21.2
Motorway cycle 18.5 1272 21.2
Motorway cycle 18.5 1272 21.2
City cycle 18.5 1234 20.6
Motorway cycle 18.5 1272 21.2
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Long haul truck: Emission measurements of two digadiculate filters
The diesel particulate filters of the long haukks were thoroughly tested in four load
conditions, see Table 5.
- 14 tonne load (motorway cycle and city cycle)
- 24 tonne load (motorway cycle and city cycle)
- 41 tonne load (motorway cycle and constant speed)
- 47.5 tonne (constant engine speed @1200rpm ahdduas. of appr. 5.52 g/s)

Table 5. Test schedule additional tests long hagktinternational use

Activity with 41 tonne Load [tonne]| Duration [se¢] Duration [min]
Motorway cycle 41 1272 21.2
Motorway constant speed 41 1198 20
(83km/h)

Motorway constant speed 41 1198 20
(83km/h)

Motorway cycle 41 1272 21.2
Motorway cycle 41 1272 21.2
Motorway constant speed 41 1198 20
(83km/h)

Motorway constant engine speed 47.5 1198 20
47 .5tonne (1200rpm & FC

5.52g/s)

Motorway constant engine speed 475 1198 20
47.5tonne (1200rpm & FC

5.52g/s)

Total : 9506 158

Due to the fact that every series started withnaltiad setting the effect of any loading
(history) on emission levels was established.tést sequence couldn’t be finished on
one test day the following test day always stavi#ld a motorway cycle to warm up the
engine and the diesel particulate filter. The testlts are reported chronologically in
the graphs.

No preconditioning was applied in this test progmeenthe interval time between tests
can be neglected. After three consecutive testmalysing test step was required,
during this period the engine was shut off.

Fuel and lubricants
In this measurement programme sulphur-free fogsilad fuel was applied. This was
supplied by Neste Oil and it complies with EN 5¢@difications. The fuel's exact

properties are reported in Appendix 1.

No special lubricant was applied in this programaletrucks were tested with the
original lubricants.
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3.1

3.11

Determination of the test procedure based on reddw
conditions

Analysis of real-world conditions

To be able to test the selected trucks in a testguiure that is as much possible
representative of the real world usage, the foltmapoints are critical:

- exhaust gas temperature during the test

- duration of city driving (with low exhaust temparet) and motorway driving

(with higher exhaust temperature)

- vehicle weight
In order to estimate driving behaviour and exhgasttemperature, use was made of
information from a supplier, based on 5 trucks thaiply warehouses in the
Netherlands. Extensive long term particulate fittenperature measurements and
logging of five delivery trucks have been carried by this supplier. Based on this
information and real world truck weight informatiche test procedure was
determined. This process is explained in more die¢ddow.

Exhaust gas temperature profile

For the 5 trucks mentioned above, exhaust gas tatyse was logged extensively
during usage. Figure 5 shows the temperature hatogfor the 5 trucks combined.
The data are divided in idle, city/rural and motaydriving. The data for the five
trucks individually are given in Table 6. Figuresttows that within the city driving part
a double distribution can be recognized: a path &it average temperature around
180°C and a part with an average temperature ar@®@1@dC. This latter peak might
represent driving on sub-urban or rural roads. Sadutitional statistical information is
included in Appendix 4.

Table 6: Truck use divided in idle, city/rural amighway and the accompanying temperatures

n (high fraction fraction Temp. Temp.

Truck way) n (idle) n (average) fraction idle city/rural high way Temp. idle city/rural highway

1 1480 528 1219 13,8% 61,5% 24,6% 132,0 259,8 323,2

2 1481 525 1193 14,9% 63,6% 21,5% 153,0 253,7 316,3

3 1471 521 1203 15,0% 60,1% 24,8% 177,1 265,2 317,1

4 1389 494 1118 16,9% 59,6% 23,5% 151,3 262,1 311,1

5 1389 555 1114 26,7% 48,7% 24,7% 165,8 262,9 311,9
average

of 5
trucks 1442 525 1169 17,5% 58,7% 23,8% 155,8 260,8 315,9
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Figure 5 Temperature distribution for 3 (drivingndlitions. City in figure refers to “non-motorwaythich
is actually city + rural.

3.1.2 Duration of driving modes

Figure 6 shows a time distribution for the lengthhe periods between motorway
driving, based on the real world analysis of tlve filelivery trucks. This will be used to
determine the duration of city respectively motoywaiving during the test
programme.

Figure 6. Distribution representing lengths of pds between motorway driving
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In Table 7 the time distribution and average termpees of three driving modes; idle,
city + rural and motorway, are given. This is tierage of the five trucks .

Table 7: Time distribution and average temperadtitbree driving modes for delivery trucks

Real world Time[% ]| Temperature
average [°C]

Idle 17 155

City + rural 59 260

Motorway 24 315

Weight of the vehicle

In the Netherlands, there are several weighingation systems placed on the
motorway (sensors within the pavement). The weiglinmotion system is used to
measure the average weight of distribution vehiclég distribution vehicles are
separated from the other vehicles with the weidih®e front axle. The weight
distribution of the 20 ton distribution truck isggented in Figure 7. From the figure can
be concluded that the average weight is 15 ton.rlingnum and maximum weight are
respectively 11 ton and 20 ton.

Figure 7. Weighing in motion number distributiom {80 ton) delivery trucks on the motorway.
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3.2 Test programme

3.2.1 Test cycles

The objective of the measuring programme was taiotseparate filtration efficiency

numbers for use of the trucks within cities andswlé cities. Also for efficiency reasons

only 2 test cycles could be used. Consequentlpiadj/city cycle and a typical

motorway test cycle were chosen. The time splitvben those 2 cycles is based on the

time distribution of Table 7, with the following tes:

- Time for idle + city are combined for the city cgcl

- Time for rural and motorway of Table 7 are combif@dmotorway. This can be
done since the temperature distribution of rurakis/ similar to motorway, refer to
Figure 5.

This leads to an about even split between cityraatbrway, see Table 8.

Table 8: Test condition during chassis dyno testing

Test condition Time [ % ]
City 50
Motorway 50

The city cycle used is the TNO 12 ton/kW city cy;leefer to Figure 8. The motorway
cycle used is the TNO 12 kW/ton motorway cycleerad Figure 9.

Figure 8: Vehicle speed time profile of TNO 12 K@+ city cycle (adapted, extended idle time)
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Figure 9: Vehicle speed time profile of TNO 12 KW motorway cycle (adapted with extra deceleratio
acceleration)

In order to obtain efficiencies for both vehicleghaa low and with a high cargo load,
two vehicles weights are chosen based on the wejghimotion results (Figure 7) and
also the average exhaust gas temperature durirdh#ssis dyno tests. The temperature
distribution is the most important parameter forreation with real-world. The
temperature fit was done with the motorway cycle toe corresponding motorway
data. With the one of the distribution truck on thessis dynamometer, it was
determined that with 15 ton vehicle weight setémgl extra speed reduction and
acceleration (from 80 to 50 to 80 km/hr), the terapee profile would fit the real

world temperature distribution (both average ad a&Histribution). The motorway
cycle is shown in Figure 9. In Table 9 the congramibetween real world and test
cycle of some characteristic temperatures are shotwm average temperature fits well
318 °C for the test cycle compared to 315 °C faf veorld. The maximum is somewhat
lower: 393 °C for the adapted cycle compared to42%or the real world data.
Although it should be noted that in real world tfziation is generally somewhat
bigger than during a test cycle, due to a largeatian in driving pattern.

Table 9. Average and maximum temperatures ofwedl data compared to chassis dynamometer test
(TNO motorway cycle).

T before retrofit filter T before retrofit filter
15 tonne vehicle weight average maximum
T T
Real world data 315 425
TNO 12 kW/ton motorway cycle 318 384
TNO 12 kW/ton motorway cycle adapted 318 393

The 15 ton corresponds quite well with the aver@géne weighing in motion (Figure
7). Based on the latter, 11.5 ton and 18.5 tomn@— 3.5 ton from the average) were
chosen as the two vehicle weights, i.e. low anti.hig
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3.2.2

3.2.3

The TNO city cycle was also slightly adapted byréasing the total idle duration.
Refer to Figure 8. The average temperature duhiagity cycle is about 200 °C. This
is somewhat higher than the 180 °C average ofithenode in Figure 5.

Test sequence
The test sequence was determined based on distsisgih the stakeholders and an
interview of the logistics manager of warehouse.

A distribution center in the Netherlands is oftendted near the highway from which
the delivery truck starts its daily programme. Alke analysed trucks started loaded in
the morning from the distribution center near tr@tenway and distribute the goods to
3 stores (mostly also meaning 3 cities) in halag. drive back empty to the
distribution center and re-load to start a new saqa in the afternoon to supply
another 2 or 3 stores. Based on this and the tisteldition of periods between
motorway driving (Figure 6) and the average leraftitandard test cycles (about 20
minutes), the following test sequence is chosen:

- 1x motorway with cold start (first test of the flay

- 1xcity cycle

- 3x motorway

- 3xcity cycle

- 1x motorway

This represents both long (about 1 hour) and ghbdut 20 minutes) periods of city
and motorway driving. Also the same tests are feea number of times, such that it
can be observed whether efficiency changes ifxtarmgple the amount of soot stored
within the filter changes due to the load pattern.

Long haul truck

The long haul truck was tested during the sameesyas the distribution trucks.
However the representative weights were determiioiethis category trucks and also
additional weights were used in order to repreemhigher weight of international
trucks with trailer or articulated truck. Represgivie weights were again derived from
the weighing in motions data. Refer to Figure 10.
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Figure 10. Weighing in motion number distributiom foedium heavy and heavy trucks on the motorway

The heaviest category trucks shows two peaks naatdly.5 ton and at 41 ton. It is
assumed that these two peaks represent respeciatidyal and international transport.
For national transport the low and high weight emare respectively 14 ton and 24
ton. For international transport only 41 ton waes#n, since the variability was
relatively small and the total number of tests wienited. However a constant speed
test with 47.5 ton was added. This point was chéeseorrespond to a constant speed
point run on the engine test bed (1200 rpm @ 800wWith a fuel consumption of 5.52

g/s).
Test procedure

From the open filters, it is known that the filicat efficiency is very much dependent
on the particulates load of the filter (which ipdaded on the historic load pattern) and
temperature and other test conditions. In ord@réserve the filter conditions (both
from their use in practice as well as the testingh® chassis dynamometer), no
conditioning tests at all were run: neither attieginning of the day nor in between
tests. The particulates sampling system was ruradinte time when the truck engine
was running, The first test of the day was labelgedest with cold start.

The test schedule for the distribution truck arelriational part for the long haul truck
is presented in Table 4. The international partfierlong haul truck is given in Table 5.
Typically, the first test range was with the lowhige weight while the second one was
with the high vehicle weight (for international usere vehicle weights were used from
low to high).
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411

Test results

Emission tests of four trucks

During several days more than 300 emission teste p&rformed. Every first
motorway test on each new test day is not takendotount in the calculations.

Truck 1

Originally this Euro Il test truck was already @oped with a particulate filter, so three
filters were tested instead of two. The measurimg@mme of this extra filter did not
follow the standard sequence. The particulater§ilieand 3 were taken from two
delivery trucks which delivered goods daily to ®ghin 8 cities.

The test results are chronologically presentedgare 11, Figure 12 and Figure 13
respectively for retrofit open particulate filter2and 3. In the three figures a range in
filtration efficiencies is seen from 10% to 65% degding on the test. For the motorway
cycles for DPF 2 and DPF 3 an increase in filtragfficiency can be seen, when the
repeated three times directly after each other.

Truckl, DPF 1 Filter Efficiency

OCity Cycle 11.5 ton E City Cycle 18.5 ton Motorway 11.5 ton

70 M Motorway 18.5 ton B Motorway cold 11.5 ton @ Motorway cold 18.5 ton
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Figure 11. Filtration efficiency, chronological tessults of DPF 1 on truck 1.
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Truck 1, DPF 2 Filter Efficiency

OCity Cycle 11.5 ton W City Cycle 18.5 ton Motorway 11.5 ton
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Figure 12. Filtration efficiency, chronological tessults of DPF 2 on truck 1

Truck 1, DPF 3 Filter Efficiency

OCity Cycle 11.5 ton E City Cycle 18.5 ton Motorway 11.5 ton
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Figure 13. Filtration efficiency, chronological teesults of DPF 3 on truck 1

The filtration efficiencies of the three retrofiltérs of truck 1 are summarised in Table
10, Table 11 and Table 12. Table 10 shows theageeof the city and motorway
cycles, while Table 11 and Table 12 show the resfltity cycle and motorway cycle
separately, including the two vehicle weights (1dn8 18.5 tonne). In both cycles, the
average filtration efficiency is higher with thedaehicle weight.
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Table 10. Filtration efficiency of retrofit partitate filters of Truck 1

28

Minimum Average Maximum
DPF 1 25.6 44.0 61.0
DPF 2 16.0 42.3 59.8
DPF 3 231 37.8 64.4
Table 11. Filtration efficiency of retrofit partitate filters of Truck 1 in a city cycle.
City cycle filtration efficiency [ % ]
11.5 tonne 18.5 tonne
Minimum Average Maximum Minimum Average Maximum
DPF 1 48.1 49.2 50.3 25.6 27.0 28.4
DPF 2 16.0 42.7 55.8 26.5 29.1 33.5
DPF 3 32.2 445 64.4 23.1 28.5 345

Table 12. Filtration efficiency of retrofit partitate filters of Truck 1 in a motorway cycle

Motorway cycle filtration efficiency [ % ]
11.5 tonne 18.5 tonne
Minimum Average Maximum Minimum Average Maximum
DPF 1 59.9 60.4 61.0 39.4 394 394
DPF 2 46.4 554 59.8 38.7 41.9 44.7
DPF 3 31.2 47.3 53.8 24.8 30.8 34.6
Truck 2

Two retrofit particulate filters were tested ondk2 . Particulate filter 4 was used on a
parcel delivery truck and number 5 was used orvaga truck in a city. The test
results are presented in chronological order infeid4 and Figure 15 for respectively
DPF 4 and DPF 5. In the two figures a range irdfilbn efficiencies is seen from 5% to
40% depending on the test. For the motorway cyidiéh tonne, for both filters an
increase in filtration efficiency can be seen, whepeated three times directly after
each other (tests 289, 290, 291 and 312, 313, 314).
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Truck 2, DPF 4 Filter Effciency

OCity Cycle 11.5 ton B City Cycle 18.5 ton Motorway 11.5 ton
B Motorway 18.5 ton B Motorway cold 11.5 ton OMotorway cold 18.5 ton
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Figure 14. Filtration efficiency,

Test

chronological tessults of DPF 4 on truck 2

Truck2, DPF 5 Filter Efficiency

B City Cycle 11.5 ton B City Cycle 18.5 ton Motorway 11.5 ton
B Motorway 18.5 ton B Motorway cold 11.5ton B Motorway cold 18.5 ton
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Figure 15. Filtration efficiency,

The filtration efficiencies
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Test

chronological tessults of DPF 5 on truck 2

of the three retrofiltérs are summarised in Table 13, Table

14 and Table 15. Table 13 shows the average dfith@nd motorway cycles, while
Table 14 and Table 15 show the results of cityewarid motorway cycle separately,

including the two vehicle

weights (11.5 and 18.5n®). In the city cycles the filtration

efficiencies are higher than the motorway cycles.
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Table 13. Filtration efficiency of retrofit partitate filters of Truck 2.

30

Minimum Average Maximum
DPF 4 12.6 25.7 39.5
DPF 5 15.9 28.1 37.0
Table 14. Filtration efficiency of retrofit partilate filters of Truck 2 in a city cycle
City cycle filtration efficiency [ % ]
11.5 tonne 18.5 tonne
Minimum Average Maximum Minimum Average Maximum
DPF 4 28.4 324 394 26.4 29.4 33.0
DPF 5 30.2 33.0 35.2 32.2 34.4 37.0

Table 15. Filtration efficiency of retrofit partitate filters of Truck 2 in a motorway cycle

Motorway cycle filtration efficiency [ % ]
11.5 tonne 18.5 tonne
Minimum Average Maximum Minimum Average Maximum
DPF 4 13.0 23.9 29.3 12.6 17.1 23.7
DPF 5 15.9 21.8 29.3 19.3 23.1 29.4

Truck 3

The particulate filters tested on this Euro llidkuvere in contradiction to the other
trucks of two different types. Both are howevermpassive particulate filters. Both
particulate filters were used on (national) delwveucks.

The test results in chronological order are preskint Figure 16 and Figure 17 for
respectively DPF 6 and DPF 7. In the two figurearage in filtration efficiencies is
seen from 10% to 85% depending on the test. Theffiter type (DPF) has a much
higher filtration efficiency (75% to 85%) than teecond type (10% to 40%). With
DPF 6 no specific trends are seen when identiséd &re repeated directly after each
other. DPF 7 does show some improvement with répetdf the motorway cycle.
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Truck 3, DPF6 Filter Efficiency
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Figure 16. Filtration efficiency, chronological tessults of DPF 6 on truck 3

Truck 3, DPF7 Filter Efficiency
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Figure 17. Filtration efficiency, chronological teesults of DPF 7 on truck 3

The filtration efficiencies of the two retrofit fédrs are summarised in Table 16, Table
17 and Table 18. Table 16 shows the average dfithand motorway cycles, while
Table 17 and Table 18 show the results of cityewrid motorway cycle separately,
including the two vehicle weights (11.5 and 18 .5ni®).



TNO report | MON-RPT-033-DTS-2009-03641 | 1.0

4.1.4
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The configuration of these two diesel particulditers is entirely different and
consequently the filtration efficiency of DPF énisich higher than DPF 7.

Table 16. Filtration efficiency of retrofit partilate filters of Truck 3

Minimum Average Maximum
DPF 6 735 79.3 85.9
DPF 7 20.0 27.6 335
Table 17. Filtration efficiency of retrofit partitate filters of Truck 3 in acity cycle
City cycle filtration efficiency [ % ]
11.5 tonne 18.5 tonne
Minimum Average Maximum Minimum Average Maximum
DPF 6 735 78.5 83.3 82.4 84.1 85.9
DPF 7 26.1 27.2 28.7 26.3 30.8 335

Table 18. Filtration efficiency of retrofit partitate filters of Truck 3 in a motorway cycle

Motorway cycle filtration efficiency [ % ]
11.5 tonne 18.5 tonne
Minimum Average Maximum Minimum Average Maximum
DPF 6 76.1 77.4 78.9 75.1 77.3 79.1
DPF 7 27.7 30.0 31.3 20.0 22.6 25.6
Truck 4

This Euro Il truck is a typical long haul vehidiar international transportation. Two
types of test series were done. The first serigesents national distribution like the
trucks 1, 2 and 3. The second series was focussadaynational transportation. For
this series the total vehicle mass was increaséd &nd 47.5 tonnes, the heaviest
weights for truck-trailer or articulated truck comditions. Refer to paragraph 3.2.3. For
national transport 14 and 24 tonnes total vehidait are used.The 24 tonnes is also
used as the minimum weight for international tramsp

Two particulate filters were tested on this truckl dor both national and international
driving patterns were conducted. The filters westhlbpen passive particulate filters
of a “turbulent flow” filter type.

The test results in chronological order:
- National transport (distribution):

Figure 18 and Figure 19 for respectively DPF 8 @nd
- International transport (motorway):

Figure 20 and Figure 21 for respectively DPF 8 @nd

In the figures for national transport a rangeilination efficiencies is seen from about
minus 100% (apparently a release of stored so@)%. For heavy (41 and 47.5
tonnes) international transport this range is 83%. The negative result of minus
100% (PM emission is doubled) is only one testiatal of 39 tests for national
transport. For heavy international transport, e tsvo tests (both with DPF9) with an
efficiency of 0%. This is on a total of 15 tests.
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Truck 4, DPF 8 Delivery sequence

OCity Cycle 14t BCity Cycle 24t

OMotorway 14t

OMotorway 24t @Motorway cold 14t 0 Motorway cold 24t

50

45 4

40

Filtration eff. [%]

420 421 422 423 424 425 426 427 428

429 430 431 432 434 435 436 437

Test

433 438 439

Figure 18. Filtration efficiency (national transpprchronological test results of DPF 8 on trdck

Truck 4, DPF9 Delivery sequence

‘ OCity Cycle 14t B City Cycle 24t OMotorway 14t O Motorway 24t B Motorway cold 14t

60

40

20 A

Filtration eff. [%0]

447 448 449 450 451 452 453 454 455 456 457 458 459 460 461 462 463 464 465

Test

Figure 19. Filtration efficiency (national transf)pochronological test results of DPF 9 on truck 4
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Truck 4, DPF8 Long haul

OMotorway 41t 083 km/h 41t  E1200 rpm 47.5t

30
_25
S — _
=20 | _

o
215 -
O
= 10 -
T 5

0

440 441 442 443 444 445 446
Test

Figure 20. Filtration efficiency motorway and camdtspeed, chronological test results of DPF 8uok 4

Truck 4, DPF9 Long haul

50 - OMotorway cold 24t O Motorway 41t 083 km/h 41t @ 1200 rpm 47.5t

45 436
40 - 39.2
35 A 324

23.7 23.2
— 221

Filtration eff. [%]
N
(&)

-0.1% 0.0%

; Voo

5 466 467 468 469 470 471 47291 473

Test

Figure 21. Filtration efficiency motorway and cargtspeed, chronological test results of DPF &gk 4

Table 19 shows a summary of the filtration efficies per DPF. These are average,
minimum and maximum values over all tests perrfilledoes actually show that the
average of all tests for the two filters is faiclhpse, namely about 26% and about 24%.

Table 19. Filtration efficiency Truck 4, averaganimum and maximum of all tests

Minimum Average Maximum
DPF 8 5.1 25.8 455
DPF 9 -98.5 23.7 49.9

More detailed results of DPF 8 and DPF9 are preseintTable 20 and Table 21 for
respectively the city cycle and the motorway cybieboth cases this is for 14 and 24
tonnes. This weight range is considered represeatfatr national transportation.
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The tables show that on the average, the filtragificiency with 14 tonnes is better
than with 24 tonnes. DPF 9 scores particularly il motorway 24 tonnes. The
number minus 0.7% is the average of 4 tests withtest with an efficiency of minus

98.5%.

Table 20. Particulate filter efficiency Truck 4thme city cycle per load

City cycle filtration efficiency [ % ]
14 tonne 24 tonne
Minimum Average Maximum Minimum Average Maximum
DPF 8 24.7 38.2 455 14.8 25.4 32.7
DPF 9 447 47.2 49.9 14.2 25.6 29.7

Table 21. Particulate filter efficiency Truck 4time motorway cycle per load (national transportgtio

Motorway cycle filtration efficiency [ % ]
14 tonne 24 tonne
Minimum Average Maximum Minimum Average Maximum
DPF 8 231 27.2 37.9 25.2 30.7 384
DPF 9 32.2 35.6 39.0 -98.5 -0.7 304

Finally Table 22 shows a summary of all tests fational and international
transportation. The retrofit filters perform betiercities than on motorways and vehicle
load has a negative impact on particulate filtfciehcy.

Table 22. Truck 4 overall average particulate ffigfficiencies for the several cycle load combioasi

National |
International
City cycle Motorway cycle Motorway Constant Constant
cycle speed speed
83km/h 76 km/h*
Load 14t 24t 14t 24t 41t 41t 47 .5t
DPF 8&9 43% 26% 31% 15% 25% 22% 12%
number of 10 10 8 10 6 4 4
tests

* constant engine speed 1200 rpm

In Table 23 the average exhaust gas temperatwag\en for the different test cycles
and total vehicle weights. The exhaust gas temperd measured during the chassis
dynamometers tests just upstream of the retrdtiré. The table shows that the average
temperature ranges from about 160°C with low wedgtitt city driving to about 350°C
with high vehicle weight and motorway driving. Taeerage temperature during city
driving is 90 to 95° C lower than during motorwayvihg with the same vehicle weight

conditions.
Table 23 Average temperature before particulater fdf Truck 4 in the several test and load sitrei
City cycle Motorway | Constant speed Constant speed
cycle 83 km/h 76 km/h (1200 rpm)
[°C] [°C] [°C] [°C]

14 tonne 159 249

24 tonne 191 287

41 tonne 329 349

47.5 tonne 342
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4.2

In Figure 22, the filtration efficiencies for théfdrent test cycles are presented in a
graph with on the horizontal axis the average egxhgas temperature of the test cycle.
Each point in the graph is the average of a nurobtasts with the same total vehicle
weight for one filter. The figure shows a declindiltration efficiency with increasing
exhaust gas temperature.

Filtration efficiency versus temperature
& City m Motorw ay cycle = Motorw ay constant
50
*
40 .
[ ] [ ]
T 30 .
X
N . -
©
- 20
.8 [ ]
IS
= 10
LL
0 | | | m— |
11)0 150 200 250 300 350 41)0
-10
Average test cycle exhaust temperature [C]

Figure 22. Average filtration efficiency as a fupatof average exhaust gas temperature. DPF 8 and 9
truck 4.

Analysis of the truck results

The results of the individual trucks are preseigaaragraph 4.1. In this paragraph the
results are summarised and analysed.

An overview of the trucks and the tests carriedavatpresented in Table 24. The first
three trucks are typical medium sized trucks fdiomal distribution. Truck number 4
belongs to the heaviest category which is typicalriternational transport. Truck
number 4 is tested according to the same testrpattethe medium size truck, but in
addition it is tested with heavier weights duringtorway driving. The tests with
constant speed during motorway driving were addemtder to better evaluate the
correlation with the earlier engine dynamometegpaanme [3].

Table 24. Overview tests with four trucks with oéitrdiesel particulates filters

Truck | Category Vehicle weights (tonne)
National International
City Motorway Motorway

1 150-225 kW | 11.5and 18,5 11.5and 18.5

2 150-225 kW | 11.5and 18,5 11.5and 18.5

3 150-225kW | 11.5and 18,5 11.5and 18.5

4 > 225 kW 14 and 24 14 and 24 41 motorway cycle

41, 47.5 constant speed
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Table 25 shows an overview of the filtration eficties of the retrofit filters per truck
type and also split up in low and high vehicle virtignd city and motorway test cycle.
Also the average results are presented. This stimawsvith low vehicle weight the
average filtration efficiency is higher than witigh vehicle weight. It also shows that
on the average a cycle with higher dynamics (é¢giyetter than a cycle with lower
dynamics (motorway).

Table 25. Overview average filtration efficienc@sfour trucks

Truck Filtration efficiency (%)
Low weight* High weight
city motorway city** motorway**  internat. ***
motorway
1 46 54 28 37
2 33 23 32 20
3 53 54 57 50
4 43 31 26 15 19.5
Average 44 41 36 31 19.5
Weighing X y X y
* 11.5or 14 ton ** 18, 24 ton ¥* 41, 47.5 ton

The results of the table can be summarised asafsilo
Filtration efficiency for both medium heavy and Wg#&rucks with a total vehicle
weight in the range of 11 to 24 ton is:
- around 40% during city driving
- around 35% during motorway driving

For heavy trucks with a total vehicle weight betwd® and 47 tons, the efficiency
is around 20% during motorway driving

The ratio of trucks with a medium heavy weight @4lton) and a heavy weight (40-50

ton) is about two thirds versus one third (Figudg, Which brings the average filtration

efficiency for motorway driving to a value of ab@@%.

The results are graphically presented in FigureT®@. figure shows both the average

filtration efficiencies as well as the completegarior the different filters (generally 2

per truck) and repeating tests. For truck 3, twiednt filter types were tested, reason

why two sets of results are displayed.

Most results are in a range between 10% and 60&ekweptions though:

- One filter type of truck 3 performs much betterhwdin average filtration efficiency
of about 80%. Also the filtration is quite constésrnall range).

- With truck 4 one strongly negative efficiency i€sdincrease in PM emission by
100%). Also several other tests drop below 10%iefficy to around 0%
efficiency.
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Efficiency range PM-cat
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Figure 23. Average and range of filtration effiaiess of retrofit particulate filters on four trucks

In Figure 24 a very similar picture is shown, then with average and range of exhaust
gas temperature instead of filtration efficiencyhBust gas temperature is thought to
have a strong effect on filtration efficiency.

Temperature range pre PM-cat
chassis dyno test cycles + real world

600
[ Truck 1 ] [ Truck 2 ] [ Truck 3 ] l Truck 4 ]
City Cycle Motorway [CityCycleI [ Motorway [[83km/h [ 76km/
500 185t 185t M -M o
115t 115t 4t [475]
400 - [
X
%) T 11 X
&,300
—
200 -
O
0 T T T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Truck / Cycle

Figure 24. Average and range of exhaust gas tertoperaf the four trucks (upstream particulatef

The results lead to the following main conclusions:

- The filtration efficiency during city driving is gerally higher than during
motorway driving and the heavier the vehicle weige lower the filtration
efficiency (only truck number 3 does not followistipattern)

- Truck number 4, the heavy truck, is the most siesib vehicle weight.
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However, the data also lead to a number of question

- Apparently the filtration efficiency is inverselygportional to average exhaust gas
temperature (also refer to Figure 23). Why is thescase?

- Why is truck number 4 more sensitive to vehiclegh¢?

Filtration efficiency and exhaust gas temperature

Combining the results presented in Figure 23, @4 and also Figure 22, it is
demonstrated that for most filters the filtratidficiency goes down with increasing
exhaust gas temperature. This is a rather surgrisisult since particulate regeneration
conditions and also hydrocarbon oxidation condgiare more favorable at high
exhaust gas temperature. However, it has been simo@ther programmes [3], that the
storage capacity of particulates in typical opdterfs is very large. So regeneration may
not play an important role during a test sequembere can also possibly be a long
term and short term storage phenomenon with ther laging storage of heavy
hydrocarbons (which form a part of the PM afteutidn and cooling down). The long
term storage its then more likely elementary carfB@atause of the sequence of testing,
alternation between city cycle and motorway cyttie,result in the city cycle can
benefit from the preceding motorway cycle. In thidr at least the hydrocarbons are
oxidized or vaporized which leaves a relativelyaddilter for the city cycle. The
temperature during the city cycles is rather I0®&0R200°C) which makes condensation
of heavy hydrocarbons quite likely.

Another explanation for a higher efficiency at loveshaust gas temperature is space
velocity or exhaust mass flow. A lower mass flowlpably results in a large proportion
of the flow passing through the filter-wall as oppd to passing by. This leads to a
higher filtration efficiency. This is probably ampaf the reason that the tests with a
lower vehicle weight on the average show bettarlteshan the tests with a high
vehicle weight. It can also partly explain the betesults with the city cycle as
compared to the motorway cycles.

Truck number 3 does not follow this pattern of lowéiciency with higher average
exhaust gas temperature to the same extend. Thlésrekthis truck are strongly
influenced by a different filter technology of ookthe filter types tested. This filter
technology is apparently better because it dematestra continuous high efficiency of
around 80%.

So, in summary the main reasons for the highecieffcy at low average exhaust gas

temperature are:

- the city cycle (low temperature) benefits from flreceding motorway cycle (high
temperature).

- Condensation / adsorption of semi volatile hydrboas have a positive effect on
the filtration efficiency.

- Lower space velocity (exhaust flow) has a positinflrence on the filtration
efficiency.

The heavy truck more sensitive to vehicle weight

Truck 4 shows a low efficiency with high vehicleigig. This is primarily caused by
one of the two filters (DPF 9). In one test: 24 tootorway cycle, the efficiency is -
100%. This pulls down the average for motorway@uito 0%, while for the other filter
this average was 30%. The test with the efficienicyi 00% is most probably a case of
blow-off of stored particulates. This is possibused by the particulates becoming
less sticky due to the high temperature and theneleased form the filter structure.
Another reason could be the evaporation (withoidation) of heavy semi-volatile
hydrocarbons.
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4.3

4.4

These hydrocarbons condense on the particulate aftasslilution and cooling down.
The poor performance of DPF 9 can be due to therkisf the filter prior to the test
period. For example when it was not driven withhhigad and or speed for some time.
Also the results with motorway driving and heavyighs (41 and 47 ton) were not
excellent. Both DPFs (8 and 9) showed an averdgeesfcy around 20%, although
DPF 8 was more stable. Refer to paragraph 4.1.4.

Possible role of sulphate particulates

A possible explanation for low filtration efficiepcould be a release of sulphate (SO4)
from the retrofit particulate filter, which was tdted during months of driving the
vehicle and is possibly released in a single @vatests. This may then explain poor
filtration efficiency results. It should be notdtht by fitting the exhaust temperatures
during testing with those of the real world, whitds been done, this phenomenon
should not happen or if it happens it should akopen under real world driving
conditions. The oxidation catalytic coating usethim the particulate filters do have a
tendency to convert S@o SQ.

Never the less the SO4 fraction of fourteen sarfilpées of the four trucks were
investigated. For each truck particle samples \wasdysed of tests with the lowest
filtration efficiency (generally tests with high liele weight). Detailed results are
reported in Appendix B. As a rule of thumb, thephaites bind 120% of their weight in
water. The mass of sulphates including bound waftame tests are between 1 and 5%
of the collected particulate mass. For three tibsgsfraction is 10-12%.

Based on these results it can be stated that delffaations do not play a substantial
role in the filtration efficiencies.

NO, emissions

In Table 26 the average N@mission change due to the installation of thitiqdate
filters of the three medium heavy trucks are presgnThe table shows an average
increase of N@from 1-5% to 8-23% depending on the test type.

Detailed data are reported in Appendix 3. Thisitedaverview shows very different
results per truck and technology. l.e. a retrgfigio particulate filter in a motorway
cycle with 18,5 tonne load may result in 9 - 42%,N@@rease.

Table 26: Average Ngincrease of trucks 1, 2 and 3 (first value isieagut)

Cycle Vehicle weight NQ[%]
. 11.5ton 5 8
City Cycle 185 ton 4 15
Motorway cvcle 11.5ton 2 23
yey 18.5 ton 1 23
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Comparison engine and chassis dyno test results

Engine and chassis dynamometer programme

This vehicle chassis dynamometer programme ofekérwith 9 retrofit open

particulate filters is a continuation of an engitymamometer programme [3] in which 5

retrofit open particulate filters are tested omgjiiee. The reported filtration efficiencies

in the engine dyno programma were significantlydothan the efficiencies in the

vehicle dyno programme. It is important to undardtthe cause for this difference, as it

may shed light on the mechanisms involved in be¢h $eries.

Two key points are of importance:

- What is the cause of the differences in reportiéchfion efficiencies between the
engine dyno series and the chassis dyno series?

- What are the implications of this for estimatinglrevorld efficiency of particulate
filters?

To this end, a comparison between the two testphaes is done here. One of the
engine types was used in both programmes, allowiogmparison. For the comparison,
first the engine-out PM emissions of the two measuent series are compared, to see if
the baseline for the filtration efficiency testghe same (section 5.2).

Subsequently, the filtration efficiencies are araty (section 5.3), and conclusions
regarding the cause of the differences are drawn.

Table 27 shows the most important properties ofiifierent test laboratories used, as
well as some details of the test sequences.

Table 27: Properties test sites, equipment angtesedures

Engine dynamometer Chassis dynamometger
Test site TNO, The Netherlands VTT, Finland
Number DPFs 6 9
Number of tests > 200 > 300
Period 2008 2009
Sample filter set up
Trade mark test equipment Horiba Pierburg
PM sampling specification EPA 1065 ?
Pretreatment cyclone Yes No
Number of sample filters 1 2
Heated PM sampling systen Yes, 42-52 °C No, <52 °C
Test sequence Research based Real world based
Preconditioning DPF Yes No
Preconditioning time/temp 900 s, 285 °C 0 s, warrFD
Regenerations > 450 °C Yes No
NO, measurements Yes Yes
SO, measurements No Yes
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Engine out PM-emissions

42

A comparison of the chassis and engine dynamoreetgine out test results is made in
Table 28. An identical engine type is applied ithoiest programmes and in this
paragraph their engine out PM-emissions are cordpdieerefore the PM-emissions in
the engine dynamometer programme must be convieaiedg/kWh to g/km. Based on
the specific C@emissions per cycle the specific engine out PMssions in g/kwh of

the engine are converted to g/km. The conversitio imthe WHTC urban test is 1.75

and in the ETC-test 1.17.

Table 28: PM emissions engine out

Average City Cycle Motorway
11.5 tonne 18.5 tonns 11.5 tonne 18.5 tonne
[9/km] [9/km] [9/km] [9/km] [9/km]

Truck 1 0.21 0.25 0.39 0.11 0.10
Truck 2 0.14 0.15 0.25 0.06 0.09
Truck 3 0.17 0.22 0.30 0.07 0.08

14 tonne 24 tonne 14 tonne 24 tonng
Truck 4 0.22 0.29 0.41 0.07 0.13

WHTC urban ETC
[g/kWh] / [g/km] [g/kWh] / [g/km]

Engine 0.20 0.16/0.28 0.10/0.12

Comparison engine and chassis dynamometer results:

The engine pm-emissions in the WHTC-urban tes0&® g/km which corresponds
with the truck 4 pm-emissions of 0.29 g/km in tHe5ltonne City Cycle test.

The engine pm-emissions in the ETC-test are 0.8¥/b/which corresponds with the
truck 4 pm-emissions of 0.13 g/km in the 18.5 toMworway test.

The engine out pm- emissions of two equal engisasé mark and type) measured on
a chassis dynamometer at VTT-Finland and an eriggided TNO-The Netherlands
are in the same order.

Comparison of the PM-emissions of the 4 trucks:

The four trucks have an average PM-emission rah@eld — 0.22 g/km. This variation
can be marked as normal. For retrofit open padteuiilter efficiency evaluation the
individual truck PM-emissions should be taken iatcount.

This analysis shows that the engine-out PM emissisiof the two test sites are
comparable, taking into account the differences itest procedures.

Filtration efficiency

In Figure 25, the filtration efficiency is preseditas a function of the average exhaust

gas temperature. It includes both the chassis dgnaeter results as well as the engine
dynamometer results with a typical long haul treespectively engine (truck 4). Every
point is the average filtration efficiencies of anmber of tests with a certain test cycle.

The test cycles between the chassis dynamometaharahgine dynamometer are not
really comparable. Putting it in a graph with ageréest cycle temperature is a way to
compare them.



TNO report | MON-RPT-033-DTS-2009-03641 | 1.0

Filtration eff. [%)]

u
o

IS
a

IN
S)
.

w
(53]

w
o
L

N
(53]
L

N
o

=
(63}

[y
o

(62}

o

43

Average DPF filtration efficiency versus temperatur e
in engine and chassis dynamometer test program

Red = engine dynamometer

Blue = chassis dynamometer
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Figure 25. Average filtration efficiency as a fupatof average test cycle temperature. Compari$on o
chassis dyno results of truck 4 and correspondigine dyno results.

An overview of the test cycles used during the sisasnd engine dynamometer testing

is presented in Table 29. Some notes can be made:

- the exhaust gas temperature of the WHTC appeareel somewhat higher than the
city cycle (30 to 60°C)

- the ETC is more transient than the motorway cytihe average exhaust gas
temperature is comparable with motorway driving witee total vehicle weight
simulated on the chassis dynamometer is in theerahgl to 47 ton. So even
though it is a mix of city, rural and motorway dnig, due to the average
temperature it can best be compared to the motocyelg with 41 ton vehicle
weight. Another reason is the test sequence: bo@ &nd the (41-47 ton) chassis
dyno tests were a repetition of these (highly laBdests. This corresponds to
several hours or more on the motorway. The motonesing of 14 and 24 ton was
frequently alternated by city cycles (typicallyi®és to 1 time per hour). This is
representative for national (distribution) trangption.

Table 29. Overview test cycles on chassis dynamemaetd engine dynamometer with
typical long haul truck / engine.

Representing

Chassis dynamometer

Engine dynamometer

City

City cycle 14 and 24 ton

World Harmonised Transient Cycle or WHTC
(city part only)

National Motorway cycle 14 and
motorway 24 ton

Motorway cycle 41 ton
International
motorway Constant (motorway)

speed 41 and 47.5 ton

European Transient Cycle or ETC (mix of city,
rural and motorway, relatively high load)

Constant point simulating constant speed on
motorway
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In Table 30, the comparison of the average extgastemperatures and filtration
efficiencies between the engine and chassis dynatevrtests are made. A direct
comparison is only possible for the city cycle ameérnational motorway / ETC. It can
be concluded that there is a good correlationifttefnational motorway”. In both
cases the filtration efficiency is 19%, even thotiyh temperature for the range of
chassis dynamometers tests is somewhat lower higsienperature during the constant
load point during the engine dynamometer testiegr@senting motorway driving). If
the ETC would be added to this (average filtragfficiency of 28%), the average
filtration efficiency during engine dynamometertieg would be somewhat higher than
during chassis dynamometer testing. Interestirgg®in Figure 25 that the ETC results
corresponds very well with the motorway cycle withton vehicle weight, both with
average filtration efficiency (25-28%) as with teengture (320-325°C).

For the city cycle test results, the opposite é&sdhse. The average filtration efficiency
during engine dynamometer testing is 13% while 6% for the chassis
dynamometer testing (Table 30). For the city cyloke24 ton weight is selected for the
comparison, because then the temperature is teestlo

There are two reasons which are most likely maiegponsible for the difference in

average filtration efficiency:

- The average exhaust gas temperature during thsislthsx@amometer is about
30°C lower. With the chassis dynamometer testinggrad can be seen that
efficiency goes down when the average temperates gp. Refer to Figure 25.
The city cycles show a steeper decline than theageedecline. With the chassis
dyno city cycle, the efficiency goes down from abéb% to about 26%, between
160 to 190°C. The value 13% at 220°C of the entnts follows that decline
linearly.

- With the chassis dynamometer tests, the city dgdes were more frequently
alternated with motorway tests (once and threegiper hour). Most likely during
the motorway tests, the stored particulates arenemgted and the city cycle is
started with a relatively clean filter. The filtiab efficiency with a cleaner filter is
generally higher than with a filter containing maaticulates.

Heavy hydrocarbons, which are normally (when ddwed cooled down) a part of the
particulates, possibly play a role in the two phaena described above. These
hydrocarbons can be adsorbed and desorbed frooxiti&tion catalyst and particulate
filter and in that way account for a relatively higfficiency during the relatively cold
(city) test, especially when it was preceded bygadr loaded test. A confirmation of
this phenomenon is also found in the relativelhtigrations efficiencies with tests
with a cold start. This was seen both during thgiree and chassis dynamometer
programmes. Also refer to the description at thek @frparagraph 4.2.

In the lower part of Table 30, for completeness,inges of exhaust gas temperatures
and filtration efficiencies are given for all chesgynamometer tests. The upper side of
the range corresponds to the average filtraticieffcy with the tests with the low,14
ton vehicle weight. This is actually the case factetruck, refer to Table 25, and not
only the heavy truck evaluated in this paragraph.

Finally differences in the historic load patternofiths before the tests) can play a role
and influence the average efficiencies during thessis and engine dynamometer
programmes. During the engine dynamometer prograsixridentical filters were
tested. The differences in average filtration éficies (of all tests) between the filters
ranged from about 0% to about 30%, which is of sewan enormous difference.
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Noted should be that the test programmes of thithaal filters on the engine
dynamometer were not identical, which may accoansbme of the difference.

Table 30. Comparison of exhaust gas temperaturdilemtion efficiency of chassis dynamometer testults and engine test results

vehicle
weight Temperature () Filtration efficiency (%)
chassis engine
ton chassis dyno  engine dyno dyno dyno

Corresponding tests
City / WHTC city part 24 190° 220° 26% 13%
ETC 320° 28%
International motorway 41-47 325 to 350° 365° 19% 19%
All tests
City 14-24 160 to 190° 26 to 44%
National motorway 14-24 250 to 290° 15 to 31%

54

Conclusions comparison engine and chassis dynamoreetests

Two key points are of importance:

- What is the cause of the differences in reportiéchfion efficiencies between the
engine dyno series and the chassis dyno series?

- What are the implications of this for estimatinglrevorld efficiency of particulate
filters?

Specific test types of the chassis dynamometes teste selected, which correspond to
the engine tests with respect to load pattern anchge exhaust gas temperature.
From this analysis the following is concluded:

- There is a good correlation of engine-out PM eroissifor the two test sites under
similar testing conditions

- There is a good correlation for the tests simutptimotorway driving with a vehicle
weight of 41 to 47 ton.

- There is a considerable difference between the s#siulating city driving; average
filtration efficiency is 13% and 26% for respectivengine dynamometer and
chassis dynamometer testing. The main reasonkifodifference are most
probably

1) adifference in average exhaust gas temperatude an

2) the difference in test sequence. The more freqalemtnations between
motorway and city cycle test is thought to havesitpve influence on the
city cycle efficiency during the chassis dynamométets.

The chassis dynamometer tests cover a wider radngdygving conditions and vehicle
weights. The driving conditions, vehicle weightsldest sequence have been studied
extensively and agreed upon with the stakeholders.

For this reason the chassis dynamometer test @sulid give the best indication for
the real-world filtration efficiencies. The broadezal world focused, test programme
also leads to differences in results comparedea@ttase 1 programme . Due to that,
average filtration efficiencies during city drivirmgnd national motorway driving are
higher than concluded at the end of phase 1.
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6

Discussion

Influence of test cycle and test sequence

It was already demonstrated in other programmaes,itths difficult to do a reproducible
measurement of filtration efficiency with open pautate filters. On top of that it
appears to be very difficult to measure and detegraifiltration efficiency which is
representative for real-world driving condition$ig programme and also the engine
dynamometer programme carried out in 2008 confirthed In both programmes a
large number of tests were carried out (200-308)Yesd still it is difficult to correlate
the results. Basically you can get any result ddipgnon how the tests are carried out.
Conditioning, precise exhaust temperatures, protiahhsients, and sequence of testing
all have a strong influence on the measured fittnag¢fficiency. Also wall-flow diesel
particulate filters show some variation in efficigrdue to adsorption of heavy (semi-
volatile) hydrocarbons, but with open filters theftects seem much larger. Either the
guantity of adsorbed hydrocarbons is much largdfarthe particles come lose and are
emitted due to the open structure of the filtere Blow-off phenomenon has been
demonstrated several times with passenger carit,3egmed less of a problem with
this chassis dynamometer programme. A possibleaagfibn for this is the relatively
high engine out particulates level of passengedieael engines compared to truck
engines. The exhaust gas temperatures on the nayt@me comparable: for both
passenger cars and trucks 250-350°C (80-120 Kavipassenger cars refer to [4]).

Figure 25, where engine and chassis dynamometdisese compared, displays the
sensitivity towards the test cycle and probably #ie test sequence. Especially at low
temperatures the efficiency varies strongly witinperature and engine efficiency is
lower during the engine tests than during the dhalsgiamometer tests. The possible
phenomena are discussed at the end of paragraphth@her temperatures the results
of the engine and chassis dynamometer testingeayesumilar, but also the sequence of
testing was in that case more similar.

It should be noted that only two filter are usedd(also can be used) for the
comparison with the engine dynamometer results.tby®ssible variation in filter
performance, the results can change when moresfidties tested. Especially during the
engine dynamometer testing the filter to filterigéions were sometimes large. Positive
for the chassis dynamometer testing is that fitiret efficiency responds similarly
towards test cycle conditions such as vehicle wei@knerally low vehicle weight

leads to a higher efficiency than with high vehiefeight and city cycle was better than
motorway. Refer to 4.2, Table 25.

Blow-off of stored particulates

The phenomenon of blow-off of stored particulatas been regularly reported with
passenger car retrofit open particulates filtefs[g] and [5]. ADAC had carried out
tests which included extensive loading of the ffittaring 1500 km under city
conditions. After this loading 6 out of 9 filters@ved a release of stored particulates
during a motorway test cycle (130 km/h). Emisstonld be up to a factor of three
higher than without the filter [5].

The current test programme consisted of mix of lload and high load test conditions.
It was made certain that the filters, which weredus practise, were not specially
regenerated prior or during the test programme.
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The test programme was organised in such a wayhbatlease of particulates during
blow-off would most probably be measured. This @wase by avoiding any
conditioning or pretesting and to always have thdidn tunnel and particulates
sampling system operational when the truck wasingnlso the first test of the day
with cold engine was always a normal test withgh#giculates sampling system
operational. It was labelled as a test with codaitst

The particulates sampling system at VTT did notehayclone or a Chinese hat to
prevent larger particulates from entering the dangsystem. So also possible larger
particles, which break lose from the soot filteguld be measured.

Only with the heavy truck, there was one test wjtparently a release or blow-off of
stored particulates, which was indicated by a paldies emission increase of 100%
compared to engine out level. In addition thereenwaro tests with 0% efficiency and
one test with an efficiency of 5%. With these tefsis likely that there is a release of
particulates during a part of the test and storageheration during another part.
Consequently it can be concluded that during thaswmeéng programme of in total
about 300 tests, there was one event with a magy Iblow-off of stored particulates
and three events with a possible blow-off (filwatefficiency lower than 10%).

Test method

Testing of open particulate filters is particulaglifficult because of the large storage
capacity, the possibility of release of particusatider certain conditions and the
influence of stored particulates quantity on thtediion efficiency.

However, the current work has shown that with sigfit testing insight into the main
mechanisms can be obtained and a relatively completure of particulate filter
behaviour can be drawn. The carried out test metieeds to lead to good results.
Important aspects of the methodology are:

- use particulate filters which are sufficiently dgender real-world conditions

- closely simulate real world conditions during measwents

- frequent repetition of several standard tests

- avoidance of any conditioning prior or in betwela mmeasurements

It is recommended to implement these elementstiedype approval test procedure,
not only for partial flow particulate filters, bbasically for any emission control device
which may be sensitive to (cumulative/historic) imegoad conditions such as exhaust
gas temperature and flow rate.
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7 Conclusions

A test programme was conducted which was focussedeasuring the real-world
filtration efficiencies of retrofit open particukfilters of medium heavy and heavy
trucks. In the first part of the programme a coesatble effort was undertaken in order
to correlate the test cycles and test sequencergalhworld conditions for city and
motorway driving. The test programme consistechabtal more than 300
measurements with 9 filters, tested on 4 trucks.

The measuring programme leads to the following kmigns:

The filtration efficiency for half-open particulatiters on both medium heavy and
heavy trucks with a total vehicle weight in thegarof 11 to 24 ton is:

- around 40% during city driving

- around 35% during motorway driving

For heavy trucks with a total vehicle weight betwd@ and 47 tons, the efficiency
is around 20% during motorway driving.

Possible blow-off of stored particulates happendg a few times during the phase
2 program (with medium and high vehicle weights3>tdn).

The precise load pattern and load pattern histavgela large impact on the
filtration efficiency. This explains the differeneéth the phase 1 results. The
efficiency is higher with relatively low vehicle vgits and after driving conditions
which are favourable for regeneration.

The 20% filtration efficiency during motorway dnng is based on motorway driving
during about 2.5 hours (7 tests per filter). Basedhe engine dynamometer tests in
2008 (phase 1), it is possible that with continuaagorway driving (longer than about
3 hours) the filtration efficiency would go up dovalue in the range of 30% to 40%.
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List of abbreviations

CO
CGo;
COP
CSF
DPF
EGR
ELPI
ELR
ESC
ETC
FAME
NO
NO;
NOy
PM
RDW
THC
VROM
WHTC

Carbon monoxide

Carbon dioxide

Conformity Of Production

Closed Diesel particulate Filter
Diesel Particulate Filter

Exhaust Gas Recirculation

Electric Low Pressure Impactor
Engine Load Response test
European Steady State Cycle
European Transient Cycle

Fatty Acid Methyl Ester

Nitrogen monoxide

Nitrogen dioxide

Nitrogen monoxide + Nitrogen dioxide
Particulate Matter

RDW (the Dutch vehicle authority)
Total HydroCarbons

Ministry of Housing, Spatial Planning and tBevironment
World Heavy Duty Transient Cycle
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Appendix I Fuel specifications
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Appendix 2: SO, test results
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Motorway cycle PM samples

Test PM mass S04 SO4/PM S04 H20 + H2504 SO4/PM H20 + H2504 corr. PM mass
blank corr. blank corr. blank corr. blank corr. H2S04 corr.
[mg] [mg]
210 Truck1l |DPF2 2.032 47.8 2.35 40.3 88.7 2.0% 4.4% 1.943
246 Truck1l |[DPF3 2421 46.5 1.92 39.0 85.7 1.6% 3.5% 2.382
251 Truck1l |DPF3 2.249 41.0 1.82 335 73.7 1.5% 3.3% 2.215
293 Truck2 |DPF 4 2.115 53.7 2.54 46.2 101.5 2.2% 4.8% 2.069
297 Truck2 |DPF4 2.099 52.9 2.52 45.4 99.8 2.2% 4.8% 2.054
317 Truck2 |DPF5 1.945 100.0 5.14 92.5 203.5 4.8% 10.5% 1.852
126 Truck 3 |DPF 6 0.637 13.8 2.16 6.3 13.8 1.0% 2.2% 0.631
128 Truck 3 |DPF 6 0.645 12.4 1.92 4.9 10.7 0.8% 1.7% 0.640
149 Truck3 |DPF7 1.954 20.8 1.07 13.3 29.4 0.7% 1.5% 1.941
151 Truck3 |DPF7 2.032 18.9 0.93 114 25.1 0.6% 1.2% 2.021
443 Truck4 |DPF8 2.526 52.0 2.06 47.0 103.4 1.9% 4.1% 2.479
463 Truck4 |DPF9 3.054 19.0 0.62 14.0 30.8 0.5% 1.0% 3.040
472 Truck4 |DPF9 0.515 33.0 6.41 28.0 61.6 5.4% 12.0% 0.487
473 Truck4 |DPF9 0.486 26.0 5.35 21.0 46.2 4.3% 9.5% 0.465
Blank reference for test 443 - 473 7.5
Blank reference for test 126 - 318 5

detection limit : 5 ug /sample




TNO report | MON-RPT-033-DTS-2009-03641 | 1.0

Appendix 3: NO; test results
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Truck Low Weight High weight

City Cycle 11.5tons Motorway 11.5tons City Cycle 18.5 tons Motorway 18.5tons
NOXx g/km NO2 % | NOx g/km NO2 % [ NOx g/km NO2% | NOx g/km NO2 %

1 Muffler 10.61 5.8 5.15 4.1 11.46 7.2 5.92 3.7
DPF1,2&3 10.62 6.3 5.10 21.1 11.28 15.4 5.98 20.1
2 Muffler 5.49 34 4.45 -0.1 6.92 -15 4,09 -0.2
DPF1&2 5.81 12.0 4.38 12.3 7.11 12.9 5.03 9.0
3 Muffler 8.89 6.6 5.74 1.9 10.61 6.7 6.25 0.6
DPF1 7.44 76 5.98 38.8 10.61 21.6 6.51 42.3
DPF2 8.97 6.7 6.24 19.3 10.63 10.7 6.80 21.7
Average  mulffler 8.33 52 5.12 2.0 9.66 4.1 542 1.3
DPF 8.21 8.1 5.43 22.9 9.91 15.2 6.08 23.3
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Appendix 4: Graphical representation of real-worlddata of
delivery trucks

Figure:Distributionduration of driving conditions
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Figure : Example of the (driving) conditions argidy Analysis is done with once per
100 s data. A software routine selects the driziogdition.
Green line represents the driving condition:

- highest level is highway

- second highest is city

- second lowest is idle

- lowest (0) is engine off
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Appendix 5: VTT test equipment

VTT, Technical Research Centre of Finland

Measurement
Equipment  The following measurement equipment was used &iinig:

Heavy-Duty chassis dynamometer:

Manufacturer: Froude Consine
Maximum power: + 300 kW (54 — 110
Excess capacity: km/h)

Maximum traction 120 %/ 300 s.
force: + 20000 N (0—-54

Inertia simulation:  km/h)

Diameter of the 2 500 — 60 000 kg
rolls: 2 500 mm
Maximum axle load: 20 000 kg

Emission measurement system:
Manufacturer: Pierburg
Model: CVS-120-WT
- Multiple (3) CFV-venture system
- Maximum flow 120 m3/min
- Dilution tunnel size 8000 * 450 mm
- Secondary tunnel VT-458
- Particle collector PS2000C

Analyser system AMA 4000
- HFID THC 0-1000 ppm
- HFID CH4 0-3000 ppm

- HCLD NOy 0-10 000 ppm
- NDIR CO, 0-20 %

- NDIR CO 0-2500 ppm

- NDIR CO;, tracer 0-20 %

Dynamometer settings Chassis dynamometer settings used for the
distribution vehicles.

load Inertia FO F1 F2
low load 11500 200 4.726 0.2028
high load 18500 470 12.352 0.1503

Chassis dynamometer settings used for the Long haul

vehicle.
load Inertia FO F1 F2
low 14000 kg 349 4.098 0.2154
medium 24000 kg 974 -1.252 0.2916
high 41000 kg 2009 -7.024 0.3739
steady state 47500 kg 2389 -7.024 0.3739

FO, F1 and F2 stand for road load model Ftotal &) (F
v(F1) + v(F2¥, where v is the vehicle speed in km/h.
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Steady state load was used with reference measuatento engine
dynamometer testing performed in earlier projecTh\D.

Dynamometer settings for the vehicles are derivednfactual coast
down tests performed with a typical model reprasgrhe vehicle class
in question. Repetitive coast-down testing usingcige road profile
resulted in very accurate basic road load modeis Téad load model
was then adjusted by eliminating the effect of tysed on dynamometer
according to axle weight. Road load was also aéglby simulated load.
This method assumes uniform aerodynamic performaitten vehicle
classes, justified with similar frame design andstouction among most
of the vehicles.



