Post-Dieselgate governments’
testing campaign in Europe and
defeat-device screening techniques

Yoann Bernard, Rachel Muncrief, John German, Jan Dornoff

March 30th, 2017




A comparison of laboratory vs. on-road test results
for 3 diesel cars in the US triggered “Dieselgate”

On-road test

Average NOx emissions [g/km]

Source for photos: AVL / ERMES
Vehicles shown on photos are not related to test results shown

Source: http://www.theicct.org/use-emissions-testing-light-duty-diesel-vehicles-us
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In reality, nitrogen oxides emissions from diesel
cars in Europe have not decreased as expected

Euro 3
2000

Euro 5 Euro 6
2009 2014

[© On-road measured value (Carslaw, 2011) / (ICCT, 2014)
---- Euro emission limit

Source: http://eupocketbook.theicct.org
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German real-world testing data found Euro 5 & 6 diesel

cars emit NO, emissions many times legal limits.
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Source: http://theicct.org/blogs/staff/first-look-results-german-transport-ministrys-post-vw-vehicle-testing
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French on-track testings demonstrates that the cycle
profile itself is not the only source of discrepancy

Type-approval cycle (NEDC) run on a track, and impact of ambient temperature

Euro 6 - NO, results and limit
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Source: http://www.theicct.org/blogs/staff/fiat-chrysler-renault-nissan-who-might-be-next
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What defines defeat device ?

Strategy that:

1) Uses any sensing element or parameter,

2) to apply an auxiliary emissions strategy (AES), or auxiliary
emissions control device (AECD) that leads to emissions
control change,

3) and without a valid reason (engine protection, accidents

prevention, abnormal operation, etc)

* |In the US, alternative emissions strategies need to be
approved by the authorities. Their non-disclosure is a violation

= |In EU, there is no need to disclose alternative strategies
(changing in September 2017). EU member’s states have
been reliant on manufacturers explanations, and without
verifying their justifications



A popular type of defeat device in EU is recoghnizing
cold start conditions as type approval testing

NOX emissions [mg/km]
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Source: http://www.theicct.org/blogs/staff/emissions-test-defeat-device-problem-europe-not-about-vw
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Current type-approval (TA) procedure in EU

= Vehicles are approved under
controlled laboratories
conditions: temperature,
humidity, pressure, etc

= On a well defined procedure
and single cycle i
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Source of the image: https://www.tuev-hessen.de
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Defeat device screening: testing from road to
laboratory, and laboratory to the road

= Bringing the laboratory conditions to the road

= Such as repeating the NEDC test on-road o, emission level (mgim)
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= Bringing the road to the laboratory —
= Changing test conditions: lower ambient air, A/C on, etc

= Repeating a road trace on the chassis-dynamometer

Source of the icons: HORIBA



Proposal of a on-road test matrix

= On-road test matrix example

/ﬁﬂ}rﬂ;“
D

Al Test Cycle Ambient | 14 start AC | 0BDIink
Track/Road Temperatur
Mix of
NOXx sensor urban/rural/motorway | -7 to 350C Cold and hot Auto Optional
(min 3 hour of data)
RDE like: Mix of
PEMS d Y
NOX :;r/\:::r urban/rural/motorway| 2-300C | Cold (if possible) | Off (i nec:sar )
(1.5 to 2 hours of data) 4
PEMS or/and Repeated NEDC profile 20-30 deg € Cold (if possible) | Off yes
NOx sensor P P (if possible) P (if necessary)

(=

S

NO, sensor

L

=>» Testing from real world (on-road) conditions
towards closer type-approval conditions (on-track)



On-road testing guidelines

Selection of a vehicle suspected of high real-world
emissions
Source: national testings, third-parties, remote sensing, etc

Sourcing the vehicle:
limited kms, proper maintenance, compatible fuel, MIL off

) . On-road test
What differs from previous test ? mix of urban, rural, motorway

Minimum instrumentation: i.e NOx sensors, OBD optional

Compare to the initial data source: Minimum controlled conditions:

Use of AIC, cruise control, lights, variable weather, etc
Large mileage difference, tampering were
initially occurring, recent ECU update, different
measurement methad, impact of OBD
connection if used ?

High emissions confirmed ?

Yes

On-road test, RDE compliant
mix of urban, rural, motorway, within boundaries conditions

Instrumentation: PEMS, OBD opticnal

How test conditions differ 7
Possible optimization towards RDE conditions:
dynamic boundaries, trip sequence,
termperature, altitude, engine starting states 7
Consider retesting and challenging those
different conditions
Put aside PEMS impact, consider repeating the
test with NOx sensor

Conditions following the RDE regulation: soaking, cold start,
temperature and altitude window, max cumulative elevation, etc

High emissions confirmed ?

On-track test, type-approval cycle profile
Follow the type-approval cycle speed profile on a track

Conditions closer to the type-approval cycle: cold start,
Are cold start emissions comparable with fixed gear shifting pattern, no A/C, smooth driving
previous test ?

Possible cycle profile optimization, consider
testing an altered cycle profile
Possible detection of steady steering wheel ?
consider testing on a closed road instead

High emissions confirmed ?




Proposal of a chassis-dynamometer test matrix

= Chassis-dynamometer test matrix
example

2WD NEDC 250 yes off yes® Repeat it at least once
until level**** (constant soaking time
2WD NEDC 250 no off yes® between repeats)
4D (if
available) NEDC 250C yes off | yes® -
AWD (if until level**** (constant soaking time
available) NEDC 250C no off | yes® between repeats)
AWD (if
available) NEDC 100l yes off | yes® -
AWD (if until level**** (constant soaking time
available) NEDC 10oC no off | yes* between repeats)
AWD (if
available) NEDC 25aC yes on yes*
AWD (if
available) NEDC 2500 yes off | yes*
AWD [if
available) NEDC 2500 yes off no
Repeat NEDC 3x starting from cold start.
Do not shut off engine in between runs
AWD (if but idle for the same soaking time used
available) NEDC X 3 250C yes off | yes® in the other tests.
AWD (if Steady state speed
available) stairstep*** 250C no off | yes*
AWD (if
available) NEDC 2500 yes off | yes* No pre-conditionning
AWD (if NEDC - modified trace
available) (i.e +2km/h) 2500 yes off | yes* -
AWD [if
available) Artemis urban 2500 yes off | yes* -
AWD (if until level**** (constant soaking time
available) Artemis urban 2500 no off | yes* between repeats)

ST ¢

Chassis Test

v

=» Testing with conditions closer to real word



Chassis-dynamometer testing guidelines

[

Chassis-dyno test, compliant with type-approval conditions
Following the regulation’s protocol and usual requirements

)

Possible in-use conformity issue:

Source another vehicle and repeat the
chassis-dynamometer test

Consider testing with regulation’s most
optimistic road load settings

No

Use of precanditioning, activate car's dyno mode
Use of OEMs road load settings (if available)

Emissions below type-approval
limit ?

Yes

[

Chassis-dyno test, type-approval conditions
Altered test preparation i issit

)

Possible presence of a “switch” type of
defeat-device
(i.e national tests done by France)

4WD chassis-dynamometer, rear-gear engaged before
the start, trunk and windows closed, belt on, OBD
disconnected

Emissions meeting
type-approval limit ?

Yes

[

Chassis-dyno test, type-approval conditions
Altered driving profile that should have a limited impact on
emissions

)

Possible presence of a "cycle profile detection”
type of defeat-device
(i.e national tests done by UK, Netherlands)

Altered driving profile (i.e + 4 km/h), altered gearbox mode
or shifting pattern

Emissions still close to
type-approval limit 7

Yes

[

Chassis-dyno test, type-approval cycle profile
Altered test conditions that may impact reasonably emissions

Tesling the sensitivity ouiside type-approval
conditions:

Identify irrational behavior, such as:
higher tail-pipe emissions with a warmed-up
aftertreatment, emissions that are dependant on
time, distance, vehicle speed. Any hysteresis:
delay, threshold effect, etc

Hot start from idle or from hot soak, colder / hotter ambient
temperature, A/C on, more realistic road load, altered
preconditioning, different cycle (ARTEMIS, WLTC, etc)

Emissions still close to
type-approval limit ?

Yes

Chassis-dyno test, type-approval conditions
Test on a unknown cycle profile

)

Possible defeat device targeting a large series
of cycle profile (NEDC, WLTC, ARTEMIS,
ADAC eco test, etc)

No

Repeat the first road profile in the laboratory:
approached speed trace, ambient temperature,
simulating road gradient effect, lights, A/C on

Emissions still close to
type-approval limit ?

Possible defeat device targeting inherent
laberatories conditions, such as the “dyno
mode” of the car, a steady location, in-door
facility, etc

Consider testing the vehicle back on the same
road




Screening campaign: Euro 6 diesel passenger car

= Test of a passenger car sold across Europe

Engine-Out (E.O) Tail-pipe (T.P)

‘ DOC SCR DOC ‘

=

" Temperature Sensor

ECU

Urea Dosing Unit Urea Tank

= Diesel engine equipped with a selective catalyst reduction
(SCR) compliant with latest Euro 6b standard

=  NO, type-approval limit is 80 mg/km

Source of the schematic: https://www.dieselnet.com



https://www.dieselnet.com/
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Preliminary results of the on-road/track test matrix

= On-track: a mix of urban/rural/motorway combining NO,

sensors and PEMS

Engine-out NO,

- i mg/km 830
L5 Tooldeg © dootant | Tail-pipe NO,
: NEDC/duration mg/km 325
0/ WSS e SCR NO,
| F conversion 60 %
. efficiency
= epeated jurban track’s pattern .
: Ratio to
' Euro 6 limit 4x

NO, engine-out and tail-pipe rate increase with time and as the engine
gets warmer, even though the same urban track’s pattern is repeated



Preliminary results on chassis-dynamometer

= On chassis-dynamometer:

Cold start: NO, engine-out and tail-pipe (mg /km)

T ECE Engine-out

=== ECE Tail-pipe -
i EUDC Engine-out . m ﬂhj ﬂﬁ ﬂﬁ
WU WY WYY L
ECEs EUDC

= EUDC Tail-pipe

= NEDC combined Engine-out |

I NEDC combined Tail-pipe

wsEUro 6 limit

Cold NEDC (standard) Cold NEDC - 14 deg C Cold NEDC - AC On
NOx engine out and tail pipe

Cold start results are in line with the limits, and repeatable
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Test at lower ambient temperature at 14 deg C does not impact emissions results

The standard test was repeated but with A/C on . NO, engine-out and tail-pipe
increase significantly and and exceed the limit by 50 %



Preliminary results on chassis-dynamometer

= On chassis-dynamometer

[ ECE Engine-out 1000

Hot start: NO, engine-out and tail-pipe (mg /km)

mm ECE Tail-pipe

e EUDC Engine-out

mmm EUDC Tail-pipe

= NEDC combined Engine-out -

I NEDC combined Tail-pipe

w===Euro 6 limit

Hot NEDC-engine switched off between tests Hot NEDC-engine kept idling between tests Exaggerated Hot NEDC + 2km/h

The hot engine start test confirms the use of a high NO, engine-out strategy. But a highly
efficient conversion from the aftertreatment brings emissions below the limit

The hot test is repeated, but the engine is kept idling after the cold NEDC. That
condition affects more significantly the results, mainly due to lower aftertreament conversion

The hot test from idling is repeated with an altered NEDC profile (+2km/h). Engine-out
emissions increase can be linked to the increased load. But NOx conversion from the
aftertreatment drops abnormally below 30 %, leading to emissions more than 6x the
regulatory limit, and 14x higher than during a hot start from a switched-off engine



Conclusion and outlook

National testing by members states in EU have confirmed the high real-
world NO, emissions of diesel passenger cars

The prevalent usage of defeat devices in EU was established, but claiming
their illegality have failed so far

A defeat-device preliminary screening protocol was presented, testing from
on-road (NO, sensor, PEMS) to chassis-dynamometer

Results of such protocol were presented on a Euro 6 vehicle, showing NO,,
emissions up to 6x the regulatory limit without a substantial rationale for
that behavior

Up-coming real driving emissions (RDE) regulation associated with the
future obligation to disclose auxiliary emission strategy will provide
stronger enforcement capabilities, at the condition that type-approval
authorities can assess their necessity

But conducting tests outside RDE boundaries conditions will remain
important in the future to ensure low emissions in the real world.
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