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MODALES — Adapting driver behaviour for lower emissions

Project Vision:

To reduce air pollution (e.g. NOx, PM, PN) from
all types of road vehicles (but especially older
vehicles) by encouraging adoption of low-
emission driving behaviour and proper
maintenance choice

Core objectives:

To advance the understanding of the co-variability
between user behaviour and vehicle emissions
from powertrain, brakes and tyres.

To modify user behaviour, via training which MODALES runs from September 2019 to May 2023, with

includes a driver assistance app and an a budget of €4.72 million.

awareness campaign MODALES receives funding from the European
Union’s Horizon 2020 research and innovation
programme under grant agreement No 815189.
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To propose and validate other solutions to
contributing to lower emissions



Research on emissions from ICE cars

Powertrain (exhaust) emissions

Real-world driving, 15 drivers and 6 cars
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4 main project o
Innovation areas 1=

* Periodic inspections
" e 11. Enhanced inspection
. SN s o a procedure to trap tampering
: On-Board DlagnOStICS 12. Roadside emissions
e g 9. More robust & durable testing
Lae Ty o emission control systems
3 i s i 10. Enhanced OBD functionality
Retrofits as an anti-tampering measure
5 : 6. Diesel-saving technologies for
. cars & vans
] 7. NOXBUSTER for buses and trucks
Wi W > 8. Diesel particulate filter servicing
Driver
1. Low-emission driving style &
training

2. Guidelines for regular maintenance
3. Use of adaptive cruise control &
navigation to avoid congestion

4. Increased awareness of emissions
5. Real time indication of emission

(app)

Exhaust emission
CO,, CO; HC; NOX, PM, PN

N\, v

Brake and tyre/road wear ,
Fine and ultrafine particles (PM, PN) m@d O l e s



1. Driver
Driving behaviour factors

Driving behaviour KPIs for exhaust emissions

Ranking

(1: most important)

Aggressiveness (% of time in acceleration > 0.9 m/s? 1

Average acceleration 2

% of time in speed interval of 20~50 km/h 3

C Average speed 4
. C_G Average driving speed without stops 5
E % of time in deceleration interval of -0.9~0 m/s2 6
q) Average deceleration 7
% % of time in acceleration 8
n % of distance in acceleration 9
% of time in deceleration 10

% of distance in deceleration 11
% of distance in speed interval 50~70 km/h 12

Gear upshift speed 13
Gear downshift speed 14

. . I . Ranking
Driving behaviour KPIs for brake emissions Unit i
7)) (1: most important)
G) Deceleration rate of braking m s2 1
\¢ Average deceleration rate of braking m s 2
CU Braking distance m 3
L - .
m Braking time S 4
Initial speed when braking km/h 5
Average initial speed when braking km/h 6
Driving behaviour KPIs for Wear amount Wear mass Ranking
tyre emissions (m?/rev) (g/rev) (1: most important)
Deceleration rate when right braking 5.43E-10 6.30E-04
Acceleration rate when right accelerating 4.13E-10 4.80E-04 2
Initial speed when right braking 3.14E-10 3.64E-04 3
m Initial speed when right accelerating 2.82E-10 3.27E-04 4
Deceleration rate when straight braking 2.51E-10 2.91E-04 5
q) Acceleration rate when straight accelerating 1.78E-10 2.07E-04 6
> Initial speed when straight braking 1.49E-10 1.73E-04 7
1 Initial speed when right cruising 1.27E-10 1.47E-04 8
I Initial speed when straight accelerating 1.07E-10 1.24E-04 9
Driving speed when straight cruising 4,73E-11 5.49E-05 10
Deceleration rate when left braking 4.14E-11 4.80E-05 11
Acceleration rate when left accelerating 3.79E-11 4.40E-05 12
Initial speed when left braking 2.65E-11 3.07E-05 13
Driving speed when left cruising 2.59E-11 3.00E-05 14
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MODALES training videos

Videos based on behaviour factors, created for:

« Car drivers

» Professional drivers of light vehicles (LDV/vans, taxis)
» Professional drivers of heavy vehicles (HDV)
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Warning lights on the vehicle’s dashboard can be translated
as a malfunction which can cause higher emissions.
e
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Approx. 15 minutes duration, in several language versions
Aspects covered: pre-driving, driving, maintenance Q)



MODALES awareness campaign

Low-emission driving tips aimed at car drivers: '
3 categories: Before driving, When driving, Car maintenance

modales .

ADAPTER LE COMPORTEMENT DU CONDUCTEUR POUR REDUIRE LES EMISSIONS

T Sensibiliafionstar
g (e swiblains

Simple messages with animated graphics
Available in 11 languages also with downloadable pdf versions
* https://modales- pr0|ect eu/campaign (over 1200 views so far)

O (EN) When Driving | MODALES + v - 8 X

€ > C @ modales-projecteupwhen-driving-en/

modales
(=] (o) \/

Check warni glght

Click or swipe right to
find out why:.

2% 8P U 0@ :

Home  About  News &Events  Pilot sites « Campaign v Library « Contact

Click or swipe right to Click or swipe right to
find out why. find out why:.

winen DRNING

Stay alert,

and pay attention to
raffic situations

e 1901
N NG o B

FR
a=s 1l

Conduite a faibles émissions

& bonnes pratiques d'entretien

Vous trouverez des astuces simples mais utiles pour vous aider a
diminuer vos émissions liées & la conduite. Elles peuvent aussi vous
aider a économiser de l'argent.

I

Ces astuces s'adressent aux automobilistes, en particulier ceux
utilisant des voitures a essence ou diesel. Elles se divisent en trois
catégories : « Avant de prendre le volant », « Au Volant » et «
Entretien Du Véhicule ».
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https://modales-project.eu/campaign

MODALES awareness campaign

Social media campaign by FIA and motoring organisations in several countries
Twitter, Facebook, LinkedIn, using hashtag #MODALEStips

@ FIA Region |
< @FIARegionl

Renew your engine oil and clean air filter. This will
result in better fuel combustion and thus less emission
of exhaust gases into the environment.

Check out #MODALEStips for more #L owEmission
driving behaviour & car maintenance tips.

More info bit.lv/3s]Fnic

#MODALEStips

Keep air filter clean,
change oil and get your
car serviced regularly

Eip) modales

RACC RACC Mobility Club @
&% @ClubRACC

Durant la conduccid, modera la velocitat per reduir
la necessitat de frenades brusques. Evita pitjar el pedal
de I'embragatge massa aviat.

#MODALESProject
#MODALEStips

Translate Tweet

#MODALEStips

DURANT LA CONDUCCIO

Modera la velocitat per reduir la
necessitat de frenades brusques.
Evita pitjar el pedal de
I'embragatge massa aviat

‘ MR

& FIA Region | and Horizon Europe@@

" @ a R B8 ®

£ Luceverde Radio
cmarso

4luly - S

O #ModalesTips | Comportamento di guida a basse emissioni e buone pratiche di

manutenzione.

@ Evita I'alta velocita quando il motore é freddo, il tempo ¢ ventoso e si guida in discesa.

) Meteo ventoso, elevate pendenze o motori freddi richiedono velocita pit basse per

eliminare emissioni aggiuntive provenienti da richieste di coppia maggiori.

= +08s B

#luceverderadio #progettomodales #losaiche #risparmioenergetico #risparmio #buonepratiche

#manutenzioneveicolo #green #salviamoilpianeta

See translation

EVITA L'ALTA VELOCITA
QUANDO IL MOTORE E
FREDDO, IL TEMPO E
VENTOSO E SI GUIDA
IN DISCESA. =

#MODALESTIPS

9 luceverde

& #H €

& Tweet

Touring Club Schweiz

@TCS_Schweiz
The #MODALEStips contribute to reducing
#AirPollution through #CleanMobility. fa %’ The FIA
and #TCS are committed to environmentally friendly
driving. A lot can be achieved with simple tips! All
MODALEStips bit.ly/3HLN9Kx

=\ -

Avoid high speed when the

Avoid heavy, frequent,
or sudden acceleration

Check warning lights
for malfunctions and

Keep air filter clean,
change oil and get your

modales

engine is cold, weather is windy



Low-emission driving
smartphone app

Simple interface

Avallable for Android and iIOS

Paired with OBD dongle

Creates two types of recommendations:

* Active recommendations: :
 When the user is driving T

* Research prototype - simplified e eoriection User inputs
recommendations and HMI, using only '
the phone sensors

BR X

« Passive recommendations:
« Afteratrip

« Complete report, using the phone
sensors, OBD data and external web
services (e.g., weather, traffic index)

Real-time driving
support

modales



On-Board Diagnosis (OBD)

More reliable: Less reliable:
« Absolute barometric pressure * Intake air temperature
» Absolute throttle position  NOx sensor

« Accelerator pedal position

« Air flow rate

 Ambient air temperature

« Catalyst temperature

« Engine coolant temperature
* Engine fuel rate

* Engine speed

* Vehicle speed

Bluetooth

Image Source (OBDLinkMX+): https://www.obdlink.com/products/obdlink-mxp/

10



Context Information for the app

Weather:

* humidity

« temperature
« total snow

* visibility

* wind speed

Traffic:

 historical average speed
 historical free flow speed
 historical jam factor
 historical traversability

« real-time confidence

» real-time traffic speed

Road:

e average roughness category
e curvature

« distance to intersection

» functional class

* has end of no overtaking sign
* has no overtaking sign

* has pedestrian crossing sign
* has stop sign

* has traffic signal

* has yield sign

* heading

* intersection category

* international roughness index

IS bridge

IS intersection
Is long haul

IS ramp

IS roundabout
IS tunnel

IS urban

lane category
radius

road type

slope

speed category
speed limit
speed limit trucks

11



Ongoing testing of training and driving app In pilots
across Europe and in China -
S

Helsinki area: 32 cars

f/gg

Full trials (app paired with OBD dongle for data
collection; online training)

&
* Numbers of active vehicles to date (but being increased) g
R
Leeds / Yorkshire: 18 cars

Barcelona / Catalonia: 10 cars, 1 van, 1 truck

s 50
Thessaloniki / Northern
- & Central Greece: 7 cars

Fa

Restricted trials in China (training/awareness-raising only):

Nanjing and Beijing: 20 truck drivers m@d Q le S



2. Retrofits

Feasibility and potential of retrofit emission controls for diesel vehicles:
» Study of results of commercially-existing systems (mainly for buses)
Proventia retrofit carried out on a van and tested on a dynamometer
« Simulation of Ammonia Creation and Conversion Technology (ACCT) for cars
Potential NOx retrofit technologies

B T T

: SCR*
100 = y vy e Vv
i (Selective Catalytic Reduction) Medium Medium Low Medium/Medium/Medium
© 80 i
> 60 : —SCR ACCT . . .
% 40 . | : —— ACCT 2 (Ammonia Creation and Conversion Technology) I e Medium/High Complex/Low/Low
;g 2ol w
2= - W AcC ASDS . .
= i ] ! ‘ . ' ‘ . ‘ . 3 (Ammonia Storage and Delivery System) I s Medium Complex/Low/Low
0 :300 : 6Q0 '900 1200 1500 1800 I S —
I | ' Tlme/s ermal Insulation Technology . . .
700 : ! ! : (Insulation materials covering SCR system) Low Slow L Simple/High/High
I I
M 600 : ' : _
> - | . - . . .
5 500 ' ! . (Electrically Heated Catalyst) e Fast e Simple/High/High
5 400 ; Temperature before SCR/ ACCT ) ) ) ) )
g. Space for the 6 External burner High Fast High Simple/High/High
g 300 improvement, e.g. eHC INT
: : : . : a : . : . : . 7 Low Fast Medium Medium/Medium/Medium
0 300 600 900 1200 1500 1800 (Lean NOx Trap)
Time/ s . .
C : b SCR and ACCT Based on ammonia generation (1-3), heat loss
omparisons between an prevention (4), exhaust temperature increase

for diesel cars (simulation) (5-6), NOx adsorber (7) m@d ales



Real-world tests of NOx retrofits

Analysis of effectiveness of the NOXBUSTER® City Diesel Particulate Filter (DPF) + Selective
Catalytic Reduction (SCR) Retrofit System by Proventia

Trial retrofit to a light van; Tested on a dynamometer in Finland

» Tests prove that Euro 5 vehicles are optimised for NEDC
and does not correlate well with WLTC results in general

* Impact of applying diesel SCR retrofit systems on Euro5
vehicles: NOx reduction of 51 - 65 % over the whole cycle &
may be achieved

* When retrofit system active, NOx conversion efficiency
was between 59 - 78 %

* No significant effect on CO2, CO or HC found with usage
of Proventia retrofit compared to OEM configuration

* Retrofit SCR efficiency highly dependent on the engine
out exhaust temperature and retrofit system operating
window highly dependent of upstream EGT conditions

modales



Real-world tests of NOx retrofits

Conclusions:

Retrofits for buses and vans worked quite well
But most buses are > Euro 5
Future market:
* HDVs (buses and trucks): some interest but
potential vehicles already quite old
 LDVs (vans): no real business. ~¥20% are tampered
e (Cars: No interest to install anything
* NRMM: high variability of applications

It is a transition technology (5 — 7 years)

Exhaust flow direction

Proventia NOxBUSTER City Light® SCR

'l
@ retrofit system installed on test vehicle
\__ ;

(Mercedes-Benz Sprinter)

S l\
’ NOx sensor SCR catalyst '
downstream
Urea dosing ‘ NOX sensor upstream B
2 EGT sensor ¢
g




3. On-Board Diagnostics (OBD)

How current OBD can be used and improved with respect to lack of maintenance or deliberate

tampering

OBD and poor maintenance

« We assumed that lack of service would increase tailpipe emissions. However this was not supported by
the results of our experiments. Test results demonstrated that within normal service intervals, excess

emissions are quite negligible. Post-service emission levels in most cases were at the same level as
before service.

* Negligence of motorists regarding service must be quite severe before exhaust emissions are critically
affected and could lead to the triggering of an event through the OBD data.

OBD and tampering

 Present OBD system is not robust against actions used to circumvent the system’s ability to
detect/report elevated emission levels due to tampering.

* The main reasons;

* no provision to permanently store DTCs (Diagnostic Trouble Codes)

* no “readiness bits” implemented in OBD that indicate whether sub-system monitoring has been

recently completed with success
Ref: MODALES WP4, D4.1: Recommendations for a broader use of On-Board Diagnostics (OBDm@d (o) le S
https://modales-project.eu/deliverables/



https://modales-project.eu/deliverables/

OBD &) Trial site reporting platform for MODALES app

* Internal reporting

platform for aggregating

the data collected

through the MODALES

app.

Management of multiple

users and trial sites.
Statistical information

about journeys and app

usage.

MODALES Reports

OBD

Database Dumps

Users @ This table shows which OBD requests were answered for each vehicle. Note that some users may have more than one vehicle.

Vehicles References:

» ECT: engine coolant temperature
ES: engine speed

VS: vehicle speed

ABP: absolute barometric pressure
CT: catalyst temperature

AAT: ambient air temperature
ATP: absolute throttle position
APP: accelerator pedal position
EFR: engine fuel rate

MAF: MAF (mass air flow sensor) air flow rate
IAT: intake air temperature

NOX: nitrogen oxide

Journeys of all Users

Sensors

.

0OBD

ADMINISTRATION

Reports Users

Trial Sites

BX: bank X
SX: sensor X

.

User ID

ECT

ES

CcT

52
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52
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o
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Sébastien FAYE

IAT NOX
B2 B1 B2 Actions
S3 S1 S2 S3 S1 S2 S1 S2

BCN10008

BCN10016

BCN10016

BCN10016

BCN10016

BCN10016

BCN10026

BGMO00O01

©]

@

P
v

(G]
®
Q]

©
®
®

®
®
®

®
<)

®
®

-

®

®

®

®

®

©

®

®

@ ®

® @

®
®
®
®

&)
\
)

®

®

®

-
®

®

@.

®

®

(&)

.

@)
=)

o
X)

® ® @ @ @ ® ® @
® ® @ @ @ @ ® ®
® ® @ ® @ ® ® @
® ® ® ® ® ® ® ®

®
®
®
®
)
®
®
®

®
®
®
®
®

® @

modales



(OBD &) Trial site reporting platform for MODALES app

Anonymised datasets for analysis of driving behaviour & other
Indicators:

 From the smartphones’ sensors (accelerometer,
gyroscope, network traces, etc.).

« From OBD dongles (air flow rate, catalyst temperature,
engine speed, etc.).

 From external services for data augmentation:
identification of the vehicle based on the Vehicle
|dentification Number (VIN) and contextual information on
a journey (traffic jams, POls, etc.).

y10019n|g

(@)
S =
MODALES Reports Sébastien FAYE ‘ Change Password H Logout O
S o
S ]
-+
Database Dumps ensors
Users @ This table shows which sensors are sending information from each user.
Vehicles
User ID Accelerometer Activity Bluetooth Traces GPS Gyroscope OBD Wi-Fi Traces Actions
Journeys of all Users
0012 @ @ ® @ & ® ® . .
Sensors
FC Tires
User ID VIN Manuf Model Cat Eng EL W Km Journeys Actions
U EU C B M Y

0012 ® © © ® © © 0 © © © ® ® ® © 2 m@doles




4. Periodic Inspections

Detection of tampering or malfunctions, considering technical, behavioural and legal criteria

Heavy Duty and NRMM (Non-Road Mobile Machinery) tampering customers’ profile:
Current customers (on HD- and NRMM sectors) are divided typically into three categories:

1. Those who face NRMM EATS failures -> increased downtime -> requests that the
EATS is disabled (temporarily or permanently) depending on spare parts price and
delivery time.

2. Customers who believe that the engine power is lower than rated by the
manufacturer, as engine response may be “slow” or lack power in relation to work load
-> request for improvements -> more power = improvements in work efficiency -> “time
IS money”.

3. Customers who buy a “rescue kit” -> a backup ECU-flash that is used if any error codes
appear that increase the downtime during the work days. These customers want to get
the job done in time and will then return the machinery for service after the work is
complete.

modales



Periodic Technical Inspection analysis

« Sample data from 3 countries

7,00%
6,00%
5,00%
4,00%
3,00%
2,00%
1,00%
0,00%

Failure Percentages in Emission Inspection

Car LCV

tests in Turkey

Truck

W 2018

Bus Minibus

2019 m2020 m2021

Special

Other

12.50% 1
10.00% 1
7.50% 1
5.00% 1
2.50% 1
0.00% -

Failures vs Year of Registration (%) in Finland
25%
R*=0.9976
20%
15%

10%

“l |‘| it
o I | |||"|I|---|I....l....l... .

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

-5%

0017 2018 2019  ceeeees Poly. (2017)

Spain: Percentage of cars with
at least one Engine fault code
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)
A7)
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0
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Demonstrating effects of EATS tampering and
ECU reprogramming on overall HDV performance

Action to demonstrate the effects of different EATS (Emission After-Treatment Systems)
tampering methods and reprogramming of ECU (Engine Control Module) software in Heavy
Duty Vehicle applications

« Main focus: to study the direct impact of the modifications on exhaust emissions and vehicle
performance - improve the understanding for detecting ECU/EATS modifications

« Experimental tests on VTT HDV chassis dynamometer, WHVC cold and hot cycle + drivetrain power
evaluation using acceleration measurements

 Study the change in emissions (focus on CO,, CO, NO, and particles), fuel consumption, vehicle performance
« Demonstrate the “gains & losses”, e.g. gain in fuel consumption in relation to change in emissions

« Evaluate the potential to detect ECU remapping and EATS tampering through changes in emissions

modales




Impacts of ECU reprogramming and EATS tampering

« ECU reprogramming increased the powertrain peak power by 27 — 31 % with the EATS system installed,
further increasing to 33 — 36 % with the EATS removed.

« Simultaneously reducing fuel consumption by 2 — 6 % depending on configuration and condition.

» As expected, EATS removal produced the greatest impact on tail pipe emissions (compared to ECU
reprogramming), increasing the emission levels corresponding to raw exhaust emissions

« Although it was found that ECU reprogramming has some effect on gaseous emissions even with full EATS
in use, the tail pipe emissions did not change significantly enough, in order to distinguish ECU remapping
from OEM - EATS was fairly capable of adapting with the increased engine out concentrations

» This particular ECU modification turned out to be fairly sophisticated, but this does not necessary apply
for other software modifications

Ref: MODALES WP3, D3.1: Emission Measurements https://modales-project.eu/deliverables

Change in power relative to baseline (OEM ECU and full EATS) Tail pipe NOx emissions [mg/km] PN emissions [#*10411/km]
WHVC cold, hot and average WHVC cold, hot and average

36%

33% 12221 12050

047410527 10514 ! jois1
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036
2% 9876
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»
£ so00
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V
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B WHVC 1st hot S B WHVC 1st hot
B WHVC 2nd hot 2 B WHVC 2nd hot
E 400
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https://modales-project.eu/deliverables

Legal situation on tampering

Legal desk research in 14 countries (13 EU Member States + UK) carried out by
national legal experts

Stakeholder survey (EU Survey) sent out to more than 300 governmental and
Industry stakeholders as well as to associations

Comparative analysis aimed at identifying the commonalities and contrasts in
legislation on vehicle tampering across EU Member States (e.g. no specific legal
provisions on vehicle tampering beyond legislation on type approval processes, lack of
severity of the sanctions)

Identification of legal recommendations (and best practices)

Verification survey (EU Survey) sent out to the same stakeholders that were involved
In the data collection phase

modales



Examples of legal recommendations

« Ensure alignment of the legislation on heavy and light duty vehicles on tampering
activities - a definition of tampering corresponding to the one in legislation on heavy duty
vehicles could be incorporated into legislation on light duty vehicles.

« Adopting rules prohibiting vehicle tampering will enable authorities to apply anti-
tampering measures outside of the context of the type approval process.

* In order to increase the dissuasiveness of the sanctions, raising the amounts of the
fines or penalties applicable to violations of rules on vehicle tampering may be
considered.

* Increased harmonisation of sanctions across Member States could contribute to
effectively tackling conducts where tampered vehicles or their parts are sold in Member
States with lower sanctions.

modales



Next steps and expected impacts of MODALES

» Test user acceptance of MODALES app & training; Validate their capacity to change behaviour:
« Complete trials in 8 countries with approx. 200 drivers

« ldentify user groups for which MODALES has the greatest impact.

» Quantify effects of reducing vehicle induced emissions by the MODALES app and training:

« Target: 5-10% reduction of emissions (depending on vehicle type and Euro technology) by applying the
MODALES low emission driving guidelines

« Trial data evaluation, scaling-up and impact assessment.

* Quantify potential reductions in emissions through OBD optimisation, retrofits, enhanced
periodic inspections and legal measures:

» Target 20% reduction in pollutant emissions for tampered/poorly maintained vehicles.
» Retrofitted vehicles reaching Euro VI standards will have a reduction of >60% in PMs & NOx

« Target 20% reduction in non-engine PMs.

modales



MODALES partners

EU-funded partners

RACC
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Adapting driver behaviour
for lower emissions

www.modales-project.eu

Th an k yO u Linked m MODALES project

Contacts:

Andrew Winder Dimitris Margaritis
Project Coordinator Technical Coordinator
ERTICO, Brussels CERTH/HIT, Thessaloniki

.winder@mail.ertico.com dmarg@certh.gr
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