1. FINAL EXECUTIVE SUMMARY

1.1 Summary of Project Objectives

The present project aims at the selection, testamsgéssment of a novel, fully integrated active
aftertreatment system, aimed to allow compliandé Witure regulations, based on the use of activate
chemical agents, generated on purpose, to enablenarimise the pollutant compounds abatement
capabilities with particular reference to N@missions from Diesel engines.

Two approaches towards these goals will be pursued:

- Catalyst based approactine activated chemical agents will be produceddfgrming diesel
fuel, using an auto-thermal reforming device (hgreldressed as Catalytic Fuel Processor,
CFP). Such activated chemical agents will be iegdn the exhaust line, upstream a main
catalyst, in charge to exploit the activated agestsh device will be called in the following
Catalyst based AfterTreatment Device (CATD).

- Energy based approactwo devices are included in this system conc#p; first one is an
Energy based Fuel Processor (EFP), using coroghaige generated plasma to reform the fuel
in active species. The second is a microwawe resmenbhased cold plasma generator, used as
Energy based exhaust elaboration AfterTreatmentd@ee ATD): this device will work on the
main exhaust gas stream, acting directly on gas@geGs CO, NQ) and solid (PM) pollutants.
The processed gases, mixed with the activated sageetam from EFP, will be finally treated by
an Auxiliary Catalyst, in charge of exploiting theactive compounds to complete pollutants
abatement.

It is intended to carry the two technological rautg to the application on engine bench: after, that
a collegial decision of the partnership will selda¢ most promising technological route for theafin
vehicle test campaign.

1.2 The Consortium

The radically innovative integrated technology e in the TOP-EXPERT project is developed
with a proper balance of fundamental researcheduwut by academic partners and research institutes
under an industry-driven development perspectivaied by leading industrial partners (component
and system manufacturers; end-user). These develdpnwould not be possible in the time and
budget constraints of a STREP project, if the stgnpoints were not the expertise of the partneeg (
the following table) as well as their attitude twoperate together, proven in previous major preject
the aftertreatment field.



Participant name Participant short name | Country

Centro Ricerche Fiat CRF IT
University of Leoben MUL AU
Politecnico di Torino POLITO IT
University of Liverpool UNILIV UK
oY 1 aemy G

EMCON technologies EMCON GE

Johnson Matthey JM UK

1.3 The Coordinator and Contact Details

The project is co-ordinated by C.R.F. S.C.p.A.alyltand the co-ordinator’'s contact details are
provided below

Edoardo Merlone Borla

Advanced Manufacturing & Materials, Mechanical Caments and Emissions group
Strada Torino 50, 10043 Orbassano (TO), ITALY

Tel. +39.011.9080.386/83.309

Fax: +39.011.9083.666

E-mail: edoardo.merloneborla@crf.it

Web site: www.crf.it

The CRF combined expertise and knowledge in trertadatment and materials development field
and business issues will facilitate the rapid dewelent of the technology into a demonstrable
prototype within the three year lifetime of the jexd.

1.4 Work Performed and Results Obtained to Date

The first part of the project has been focusedrtwige the guidelines for an effective development
work. The systems specification requirements ddfitethe beginning of the project has been used for
the whole project duration to properly compare #ffectiveness of the innovative aftertreatment
systems developed. In this task, a state of theeagine and vehicle have been selected and
characterized as study case for the systems apptid&igure 1);
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Figure 1. target system architecture (close-coupled).

The information collected from the study case cttarization has been then provided in to the
partnership, to start with the definition of thestgms specifications for the two aftertreatment
concepts: the chemical and electrical based apbroac

The second task was focused on the fuel processaced development, needed for the on board
production of activated species for NOx reductithe; device to be developed in this task are:

o Catalytic fuel processor (CFP).
» Electrical fuel processor (EFP).

The CFP is essentially a fuel reformer catalysetdas noble metals supported onto inorganic metal
oxides; an extensive lab-scale experimental camphags been carried out to optimize the catalyst
formulation and select the most suitable reforr@ume using a wide span of real-like parameters, to
assess the CFP functional capabilities, and tlagesfies to drive the device itself in differentiations,
considering in particular the start-up and the eagiansients.

The CFP design and manufacturing phases have loeemplished through a series of many different
concepts; the basic idea has been to place thea€Bmy-pass of the main exhaust line and integrate
a compact system all the needed components to yaatrol the reforming reaction:

» Flow control valve;

» Fuel vaporizer;

» Fast ignition system;

» High efficient reformer catalyst on a specific Snate;



Figure 2: CFP prototype.

All these components have been assembled and aptirm order to manufacture the full scale CFP

system. In the same way, it has been designedareaped the EFP to electrically reform the fued an
produce active species to reduce the NOx over aifgpeatalyst. This device exploits a corona
discharge, generated by an appropriate power sufipljissociate a controlled quantity of fuel irto
stream of activated species.
The performance of the EFP as stand-alone systelht@mbined with a catalytic reformer has been
investigated; the test campaign covered many agpebe plasma technology: steady state conversion
efficiency, side products especially short chaimlrbgarbons, time dependence (on-off cycles) with
cold and warm system and influence of fuel compmsion the reforming process.

Figure 3: EFP prototype.

All these aspects have been considered in orddindoout the pros and cons of the plasma fuel
reformer system. In general, the EFP showed a gapdbility to convert fuel into a hydrogen rich gas
the hydrogen production efficiency for the EFP al@eems to be not enough to produce the required
guantity of hydrogen. Using an additional refornoatalyst the hydrogen production significantly
increases, but the space requirements and the waighstill big issues for the EFP and the down-
sizing possibilities are very limited due to thstgyn complexity.

To achieve the requested emission reduction, thduation of active species by means of the fuel
elaboration devices must be exploited in a speaitiertreatment device capable to actively redbee t
NOX levels. The catalyst definition has been cdraat according to the specs and boundary condition
and in particular considering the actual workingapaeters (exhaust temperature, gas composition,
conversion efficiency, etc.); the selected catalyifitbe the same for both the fuel elaborationides
(CFP and EFP). A numbers of base experiments haga barried out to explore different catalyst



solutions capable to exploit the active specieslypeced by the fuel processors; among some potential
catalysts formulations (i.e. NOx storage catalysised on Pt, Ba, Rh, HC SCR catalysts based on
Ag/Al, O3, Cu/ZSM5 or Pd/Ti@Q), the most appropriate considering the operagweperature range has
been an RHSCR catalyst capable to reduce the NOx at verytemperature and less sensitive to the
NO/NGQ; ratio.

In parallel to the NOx aftertreatment device, iheeded an appropriate catalytic system capable to
comply with the target emission limits and with tb#owing functionalities:

- Oxidation of CO and HC present in the exhaust gases

- Soot particles reduction;

- Elimination of possibly harmful activated speciép sver.

Even for this task two parallel solutions have beensidered: the chemical based approach and the
energy based approach. For the chemical basedagbpra flow-trough DOC and a catalyzed wall-
flow DPF have been selected and the most apprepeatalyst type and formulation has been adapted
to fit with the specific boundary conditions (temgteire and pollutants levels) and it must guaraatee
adequate sulphur poisoning and ageing resistamcbdaequested mileage. This system has been then
tested on a Euro 5 representative vehicle in ommavaluate its performance over the homologation
cycle in terms of CO, HC and PM (particulate matteduction in fresh and aged conditions.

Concerning the Energy based aftertreatment systdras been developed, manufactured and tested
a full-scale EATD (exhaust elaboration aftertreattngevice) system based onto an high efficiency
heat exchanger capable to increase the exhausteggserature (thanks to an heather and a heat
recovery system) in order to better oxidize CO, &l@ increase the NQevel to improve the CRT
effect onto the DPF.
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Figure3: The EATD System

The system has been tested onto the engine tesh bad showed interesting performances; heat-up
performances of EATD indicated an effective heauperation from heat exchanger, however the



thermal inertia and the pressure drop generatatidogystem are still high.

Once collected all the information coming from tiest campaigns carried out onto the developed
systems, it has been selected the most promisaitnddéogy for the final implementation on vehicle;
the selected technology was the CATD (Catalyst dbasiertreatment device) in two different
configurations: CC (Close-coupled) and UF (Undep#) systems.

The two CATD systems have been successfully imptéateon the selected demo vehicle (new
Lancia Delta 2.0Mjet Euro5) with some minor modiions; moreover, a specific control box and
software have been developed and installed onteehigle in order to properly control the CFP.

Figure 4: Ctlose—coup led Figure 5: demo vehicle. Figure 6: Under-floor system.
system.

The CATDs have been tested over a wide range okimgronditions: on the road in real driving
conditions, stationary driving conditions over thaler test bench, European homologation cycle
(NEDC). It has been demonstrated that the CFP les tmbwork in many driving conditions and the
reforming reaction can be effectively controlledianaintained; the Close-couple system performances
in stationary conditions are interesting but ndtyfeompliant with the expectations; while the Unde
floor system demonstrated an higher reliabilityiinthe testing conditions reaching instantaneoG@sN
conversion efficiency up to 85%. During the NEDCleythe UF system was able to reduce the overall
NOx emission below 0.08 g/km; the main drawbackuwafh a system is the high level of the secondary
emissions (mainly CO) generated during the refogmpmocess. Another weak point of the TOP
EXPERT system is the fuel penalty which is stifiter than the expected target.

Finally, over the project duration has been dewaiop specific simulation tool. The full-scale
CATD model has been successfully implemented ad aslthe injection and ignition models;
moreover, the reaction models for ignition and mefiog processes have been set-up to simulate the
fuel vaporizer and the reformer catalyst and evelihe H production. The new solver has been
validated by means of simulation runs on a 3D bgpaedel. The mesh of the whole aftertreatment-
system has been refined with a specific clean-digcin order to avoid problems during transient
simulation runs (non-orthogonal cells); the compatal model has to account for 3 different filter
regions — each with its own reaction scheme — disasdor the combustion of the injected fuel, whic
sums up to a total number of 11 species and 9ioeacate equations. The chemical reaction rate
constants for the individual filter regions werdilwated using an optimisation algorithm. Then, the
simulation of the whole TOP-EXPERT geometry hasnbearried out and the calculated reaction
products for the whole system match quite well wita experimental data from CRF. The developed



model is in good agreement with experimental ddtgained from the 3D TopExpert geometry
achieved with the newly adapted filter solver amegbod accordance with the experimental data
delivered from EMCON and CRF.

1.5 Conclusions

The main objective of Top-Expert project was theadepment of a novel, fully integrated active
aftertreatment system based on the use of activetedhical agents, used to abate the pollutant
compounds with particular reference to NOx emissilom Diesel engines. During the project two
approaches have been evaluated: catalyst baseshapmnd energy based approach.

The two technological routes have been developddested up to the application on engine bench:
after that, the catalyst based approach (CATD)desn selected as the most promising technological
route for the final vehicle test campaign. The ffil@st campaign demonstrated that the CATD systems
are able to work over a wide range of engine camBtcontrolling and maintaining the on-board diese
fuel reforming reaction, are compatible with thgjiee and vehicle systems and fully transpareniéo t
vehicle user and the systems operation. The Uesydemonstrated better performances than the CC
one either in stationary conditions or over the blmgation cycle. The main drawback of both the
systems is anyway the high level of the secondamgssons (CO, HC and soot) which should be
solved in order to exploit as much as possiblestistem performances.

Finally, the preliminary cost benefit analysis sleothat in comparison to a standard SCR system
(HN3 based), the costs for the both the systems shmeildompetitive and a further cost saving is
expected with some improvements in the manufaajypiocess.



