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Abstract:

Chains for recycling the plastics used in the awdtwe industry are complex systems just emerginghis paper we
propose to explain the reasons which have so favgmted these recycling chains from achieving ficseritly regulated
state to make them reliable partners for automotihanufacturers. On the basis of this, and takirgycéing polypropylene
as an example, we propose to use a dynamic flovehaddhis chain to identify the critical parametesn which achieving
this regulated state depends. The results are atléwels. They establish the major role played flignges in the price of
oil (an uncontrollable element but one where econgressures are tending to increase its benefitimgdevelopment of
these recycling chains) and the necessity for le@ycompanies to have a flow of quality input sight to saturate their
production systems and achieve profitable salesachieve these results we intend to explore varsmhstions. Moreover,
our study has shown that the development of thiméhalso suffering from the lack of cooperatiatween those involved
and the absence of a global vision of the systeictincould have been the role of an official ecgarisation if France
had chosen to provide these recycling industrigl wibody of this type). In our project we haverbable to experiment
using our modelling system to fill this gap. It ped to be an effective way of creating aroundntuti-participant area in
which exchanges occurred allowing all the partiemaerned to understand the aims and requirementthefother
participants and the impact of their own actionkisTresearch has thus resulted in the creation afudti-party working

group continuing to develop this tool.
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1 Introduction

This paper summarises one of the two research gisojpat we have undertaken in the aim of contiiguto the
development of the automotive plastics recyclingictand the use of recycled plastics in vehiclesmd@rning the use of
recycled plastics, our work was carried out withind in partnership with the company Plastic Omniltrinvolved
developing a new standard for high mechanical peréimce material, creating a reference procedureliahdor the
material, producing databases encouraging the sigpdef products and integrating material recyclakgls into project
design [1].

In this paper we present the other part of our wahkch was directed towards measures to be takenomuce the stocks
of recycled plastic material needed to satisfy enattive specifications. This work therefore concertiee plastic recycling
industries, the rules and limitations concerningirtioperation and the means required to ensurabiliy of the quality
and volume of their production at levels meeting ¢hr manufacturers' specifications.

In the first section of this paper we shall set that reasons why car manufacturers should havé&sstfarecycled plastic
materials available and analyse the technical agdnisational capacities of the recycling industriexamination of this
synthesis leads us to state the need to develapstigls capable of increasing the throughput aralityuof recycled
materials. In the second part, we shall show thatdomplexity of the system studied, the diversitypoints of views
which have to be satisfied when it functions, ahd tiversity of indicators to be taken into accotmtassess its
performance all requires the use of a dynamic fioedel for analysing it. All also requires the udesach model for
having a method aiding decision-making that heligdespossible directions for improvement for theiouas parties
concerned. We shall then set out the method oftagrion and validation of the model produced foe polypropylene
recycling chain. The experimental protocol is thibject of the third part in which we explain theeuse have made of
experimental programmes to define an optimum méatethe recycling chain. Analysis of the resultdaibed occurs in
the fourth section where we demonstrate that fioissible for the recycling industry to become fitially self-sufficient
subject to two important major conditions: the @ase in the price of oil and the arrival of additibsources of good
quality used PP at the recycling companies. Finally conclude by returning to the initial objectvef this study, the

responses obtained and the points remaining taxdmieed for a complete answer.

2 Present practice in France for recycling plasticand using recycled plastics in vehicles

2.1: Requlatory requirements and industrial results




The obligations set out by the ELV directive2000/53/EC [2]) concern both taking preventiveicat regarding and
treating end-of-life products. This position conagliwith the objective of the European Union whishtd encourage
industrial companies to manage the materials feir throducts in closed loops (i.e. reusing recycdfeaterial in the

application or at least in the original industsaktor). Thus this text requires that:

- vehicles should be 80% recyclable/reusable and 8886verable by 2006values which must reach 85 and
95% respectively in 2015). The directive requires éffective recycling and recovery levels to bhiexed
(undertaken by the existing economic operators) mawidjust theoretical levels. According to the Fiten
decree [3], setting up the system composed of en@noperators capable of achieving these ratekes t
responsibility of the car manufacturers (they aadipularly required to participate financially the event of
the shredder alone making a loss).

- the proportion of recycled material used should@ase.

On the throughput of ELVs treated each year in €gafi.e. 75% of the annual 1.8 to 1.9 million ELV#)e present

effective rate of recycling is about 75%. This wals achieved for present ELVs (i.e. on averaggekss old) containing a
high proportion of metalKigure 1). On the other hand, for more recently manufactweticles, bearing in mind the

proportion of plastic materials (PM) in their canstion and of the present way in which the Freretycling industry
works, the rates would only reach 70% of recyclumyder these technical economic conditions. The watege of
businesses involved and the lack of traceabilitifri@nch recycling industries means that in actaet it is very difficult to
assess this effective rate. However, studies hlaowrs that the 25% of material not currently recgcdand largely destined
for landfill is shredding residue with a high PMntent [4, 5]. Indeed, very little plastic materfladm vehicles is currently

retreated in France [6, Higure 2 shows the main vehicle component retreatment iniggswvhich exist in France [8, 9].

Figure 1: Difference between ELV and new vehicle ntarial composition

Plastics represent about 9% of the weight of Fresmdticles in the case of present ELVs [9] (a figwhéch can reach up to
16% in vehicles on sale now) and only 4.7% of tiresght [10]} seems to be treated in France i.eaeerage 0.33% of the
weight of vehicles over the whole industry. Theates are incompatible with the overall rate of oliog required.
Nevertheless, trial campaigns have shown thatiftéichnical conditions required are in place, 3% Mfin current ELVs
can be recycled, a proportion corresponding tdPBepart, the most widely used material in vehidiesiew vehicles, this

PP proportion can reach 6% [11]. By reconsiderimgyc¢hoice of PM so that only materials compatibiéh wecycling are

L ELV: End-of-life vehicle



used in vehicles (the wide variety of resins prededay in shredding granules makes working ouitéinfor sorting
residues far too complex), by changing to a simgéerial and improving the technical and econonoioditions of the
operators and recycling industries, a significaafpprtion of recycled PM becomes accessible [12, BGt this 3% value
is still insufficient for achieving the 2015 objaets. Moreover, as recycling metal is already oéd, achieving the
directive's objectives must occur by increasingptaportion of PM recycling. The effective recydiof vehicle plastic is
therefore a major problem in France (and also hemotountries of the European Community even thoughare only

considering France in this paper).

Figure 2: Main automotive components’ recycling chias (adapted from [8, 9]) Legend : MR=Material Recycling,

SR=Shredder Residue, ER= Energy Recovery, MR= lighteecovery, FM= Ferrous Metals, NFM= Non Ferrddstals,

PP= Polypropylene, PE=Polyethylene, ABS Acrylolgthutadiene styrene

2.2: The absence of demand in the recycled plastar&ets

We have shown in the previous section that in otdexchieve the obligatory recycling levels, we trus able to retreat
plastics, but that this implies having approprigtehnical installations, which is still not the eas France (at least not on
the scale required). To encourage recycling inthsstio develop it is essential to create econoigicabust outlets for
these recycled materials. Indeed, surveys of remyatompanies have shown that, for the most pahicle plastics
specialists still make few demands [6, 14]. Morepf@ the moment, car manufacturers have no pdaiaequirements in
terms of integrating recycled PM in their specificas with the exception of Renault which has diealisplayed its
willingness to use 50kg of recycled PP in its vidsdbefore 2015 [15, 16]. Yet increasing the gugrdf recycled PM
would meet the requirements of the second poirthefdirective concerning the gradual increase @ gloportion of
recycled materials in vehicles. Developing new ratskpresupposes therefore, that automotive suppdieticipate the
demand from the car manufacturers and decide ornetheling channels likely to provide these materappropriate in
both quantity and quality. However, use by autowstautomotive suppliers is still limited to appticas with low

mechanical performance. Several reasons explanabk of use of recycled plastic in high addedigadomponents [1]:

- The poor image of this material compared with virgiaterial. A product designed in recycled PM il st
perceived as a poor quality product. This poinstiengthened by the fact that current recycled Rkés
essentially produced from a mixture of inputs, so@rces of which are often unknown. There is déofac
real problem of traceability, input and uncontrdllguality. The performance of these materials & al

generally poor on account of the lack of contratiothe characteristics of the input.



Recycled plastic will not open up a new market butst take over a share from virgin material. New
materials are produced by a perfectly controlledustrialised process. The industrial structuresctvhi
manufacture and market these materials provideagtees and insist on practices very different ftbose
used in recycling.

The lack of confidence (considering the emergimgasion of recycling industries) in the ability tdcycling
operators to produce materials meeting the spatidics of the automotive industry in terms of gtyali
volume and price: the absence of quantity and eegulin the supply of recycled starting materidikis lack
of confidence is increased by a lack of informatedvout the real abilities of operators as regahasr t
technical capacities and financial security.

The need for materials of quality higher, in termfiperformance and consistency of performance, thanof
recycled plastic materials currently available. \Oif there is a secure supply of these materiald w
automotive suppliers take the risk of integratihgnh in designing for plastic vehicle parts, othaart for
parts under the bonnet and wheel housing which lawer technical requirements. This change is d&den

to increase on the weight of recycled plastics yagsed in vehicles (in the order of 20kg per veds}l

It can therefore be seen that to reach the regyl#itoesholds laid down by the ELV directive andadural equilibrium of

the industries concerned, it is essential to irggdaoth the effective recycling of plastics usedeéhicles and to increase

the proportion of plastics already recycled in éheehicles. Currently it can only be said that thigp has not occurred

naturally.

2.3 French industries recovering plastic automatiegerial

The end-of-life treatment of a vehicle involvesaage number of businessésgure summarises the activities of these

businesses in France.

Figure 3: ELV management

It highlights the two systems for treating ELVs,ielhare:

dismantling components

vehicle shredding



In the case of plastic household wasten-complexproducts, a single method of treatment is usetheha shredding,
while for large WEEE and vehiclescomplexproducts, the two systems run in tandem. In fémtre is no regulation —
stated for example by the manufacture of the prbdwhich imposes dismantling a component (exceghée context of
antipollution obligations) or leaving it on the cass at the time of shredding. Depending on theuress, interests and
collection networks available to a given dismanther applies the solution which suits him best [1f/]for example he
sells second-hand parts it may be advantageouliforto dismantle more to obtain parts with highatespotential; he
would certainly not do this dismantling if he didtrresell second-hand parts. Dismantled plastisst particularly large
ones, are important in that they form an appreeiaolurce opure material (for single material parts) even if thilastic
material has lost its mechanical characteristiosuph ageing [1, 18]. Recycled materials from sadource are therefore
controllable in terms of reliability of performan@nd physical behaviour (retraction, viscosity ei€.materials on
injection) over time. On the other hand, none adsth treatment routes is currently economically leidgbr French
dismantlers: they cannot obtain sufficient finahcgvard from the recycling companies for the titaken for dismantling
these components. For this reason only a few gaatseries, a few bumpers) coming from dismantleesh the recycling
companies. The cost of dismantling is thereforergidd on second-hand components resold. The absérecdinancial
incentive and a collecting organisation meansttiiatmaterial does not reach recycling companies.

The other treatment route for plastics involvestisgrthe residues from shredding. In theory shnmegidhas many
advantages since it may be thought that produatiffefent origins could be mixed and shredded togie(the dimensions
and mechanical characteristics of the hammers @fstiredder being what decides whether mixturesrodycts are
compatible). The industrial reality is otherwisechuse while shredding poses no major technicfitwlif, managing to
sort the residue resulting from it is very difficuln France only one operator claims to be capablextracting plastics
from shredded residues on an industrial scale (fefips, Polystyrenics). Indeed, the greater theewity of plastics

contained in these residues the greater the cdghaenower the efficiency of the sorting technigue

Consequently, the costs and quality of the matenatycled by these processes have not allowedigbeof recycled
plastics to really develop in the equipment mantufidieg industry for structural parts.

With these restrictions, at present the qualityeafycled materials provided by the recycling conipais limited. Firstly,
their intake contains almost no vehicle plasticd aecondly, the diversity and quality of their k#aand the lack of
knowledge of the operators in the formulafimecessary to bring the material up to standardnsi¢hat the output for the

moment does not meet the specifications requiredhéderials for manufacturing high technical pemfiance components.

2 WEEE: Waste electrical and electronic equipment

3 An essential step of recycling is formulation, whiceturns to the material the characteristics meguiby the
specifications on output. The PMs at the end-@f-dife old materials with altered properties ansl tiherefore necessary to
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2.4 Summary

There is a real need to encourage developmenedfdiv of recycled vehicle plastics that have tecAhand economic
characteristics sufficiently viable to allow autaime suppliers to design and manufacture structehicle parts with
demanding mechanical requirements in recycled nahtém addition, to arrive at such a result theesdf the products and
the tooling necessary must be dedicated to apjalitain recycled materials. Moreover, we have shtvanit is possible
to reduce the risks associated with variabilityhie quality of recycled materials by developing ponnds of mixed virgin
and recycled materials [1fFigure 4). However this solution does not totally remove pheblem of quality, is not
necessarily well accepted by vehicle designersdaes not at all affect the problem of the availgbif stocks of recycled
materials. Supplies must be guaranteed both iritgyw@add quantity. The ability of the French recpdiindustry to meet
these needs is therefore the determining factoiitasaurrently inadequate. Moreover, the useeaf/cled materials makes
no environmental sense unless it involves materégcled locally. Also while the low labour costscertain countries
may make industrialists consider the opportunitplafiining stocks abroad, such a solution woulémbgronmental

heresy.

Figure 4: PP recycling and recycled PP use in autootive high performance parts [1]

Encouraging the development of French PM recycling industries therefore appears today to be the decisive factor in

promoting a real ecodesign policy for plastic components, particularly of vehicles.

This term development is used here in its stragghthrd meaning. There are French businesses invatvehe process of
recycling but
- their activities are not coordinated around spedifaterials providing stable volumes of output,
- the levels of maturity of these structures (managgenof traceability, monitoring the quality of thughput,
mastery of the skills of resin formulation etc.p arot consistent with the level of quality requiredbe

included on the list of industrial sector suppljensch as the automotive sector.

In the free market, the law of supply and demarttiésregulating principle which leads to emergestems disappearing
or becoming stable and gaining technical and osgdioinal maturity. The case of recycling industigslifferent in the

sense that private businesses are contributingegtovision of a public service, namely, redudig volume of waste

add additives depending on the properties to bedugal to obtain a given quality of PM, even for gadions without
stress.



material, the energy bill and the consumption afoantry's resources. It follows from this particutontext that the
stakeholders interested in developing these raaydfidustries are:

- Society who must have the means of apprecidtiagnfluence of aids it gives and constraintsolht imposes
on the various industries (including automotive wanufacturers),

- Car manufacturers, who must be able to estaftilisineal capacities of their new vehicles to satisé regulatory
requirements, [19]

- Automotive suppliers, who need to know when tleeyn design tooling, with acceptable risks, for rdixe
compounds, integrate the use of recycled materitiieir design projects and offer them to car mactukers who have not
asked for them,

- The dismantlers, recycling companies and shrexjideho need to identify the actual opportunitiesttedse

markets to decide on investments which they contishould make.

The complexity of the situation envisaged is suudt bnly a systemic approach has any sense if wdoabe able to
suggest action for making changes to it that istpesfor all the parties concerned. On this basis, put forward the
hypothesis that using a dynamic model, taking adcount the effects of interactions between buse®es the industries,
should allow us to determine whether actions canrmertaken to encourage this development, and, ibg whom. We
assumed that by modelling an existing recyclingirctzand measuring the good and bad aspects of ifsrpgance, the
major causes which prevent this system from mowimdgrom an emerging state to a stable state coaldiéntified. This

work and its results are described in the followsegtions.

3. Modelling to prescribe for the future

3.1 The objective of using a dynamic flow modetlobughputs associated with the French recyclidgstries

A review of the literature that we carried out iratied that four forms of research are usually uaélen to encourage the

use of recycled plastics in vehicle constructiod associated industries:

on the products: development of practices, toaid,indicators to allow changes in design [20-22]

- onrecycling processes [23, 24]

- on the organisational design of recycling industrigithout taking into account what becomes ofrdeycled
material and the present technical and economiditions of those involved [25-27],

- on the technical and economic difficulties spedifione or more businesses in the chain, but nibtetavhole

chain [17, 28]



Integrating recycled PM into design is not takeredlly into account, nor is the recycling chaintsysically visualised.
The latter is essential for measuring the real chpéaction taken by the different parties coneern
However the particular feature of the recyclinginbavhich interest us is that they are made umdépendent businesses
(dismantlers, shredders and recycling companied) that while the activity of dismantlers is genbratentred on a
product type this is not the case for recycling panies. Indeed, a recycling company brings togettprt from various
industrial sources and his activity is centred atbthe material and not the product. This changmint of view (between
dismantler and recycling company) explains whyddiion to obvious economic antagonism it is difficfor them to find
a natural balance. In other countries this problex® been solved by the creation of eco organisatidrich manage the
adjustments necessary between these businessg$hi@8d activities are financially supported by menufacturers or the
state concerned). French car manufacturers didwmslt to develop such an organisation and underirourostances
wished to be financially involved in the developmehrecycling industries.
By modelling the existing recycling chains by dynafftow our aim was to:

- take into account the systemic dimension esseftirabnalysing the technical and economic behavifur

these industries,
- identify the technical and economic parameters timte a decisive influence on stabilisation of ¢hes

recycling chains.

3.2 The recycling chain modelled

We worked on an industrial chain capable of prodgaiecycled polypropylene (PP) (the most widelydusgaterial in
vehicles) intended for the automotive industry. Taeeycling chain has been considered on the sdadeFmench region.
One hypothesis considered is that if throughputsefd plastic vehicle parts is homogeneous thisldhgartially or totally
resolve the problems of quantity and quality ofycded PM. We modelled an existing recycling chaid astablished both
the consequences on the performance of this cligirowiding a new type of input (bumpers) and tlditional action to
be taken by the different parties concerned toiligalthis aspect of recycling. Bumpers were chdsecause of several
characteristics specific to them:

- they are the largest plastic component on vehaesdismantling them is relatively easy;

- some dismantlers already dismantle them to redudr @arts to which they block access, but theyatsand

them for recycling as they do not know of the estise of other businesses further down the chain.

The activities that we have taken into accounhis tecycling chain ard={gure 5):

- Collection of end-of-life vehicles (ELV) and adent damaged vehicles (ADV).



- Dismantler's activities:
- activities directly connected with the demolitilorming part of the recycling chain being studied
depollution of vehicles, dismantling and sale afes®l-hand spare parts, dismantling of bumpers,cfale
carcasses to scrap metal dealers;
- sideline activities indirectly linked to recoveagtivities: repair and sale of second-hand veieled
insurance vehicles.
- Shredding and collection of bumpers from dismestl shredding performed by dismantlers taking jpathe
collection of bumpers.
- Recycling companys’ activities: grinding and wiagsh of PP components, homogenizing the material,
extrusion/granulation with formulation of the resin

- Sale of the recycled material to automotive fidasuppliers.

Figure 5: Diagram of the modelled recycling chaina regional PP recycling chain

It should be noted that at the present time thgctag chain is only a theoretical idea. Indeedsibasses exist in the field:
collectors, dismantlers, recycling companies etat B stable official link exists between thesenfirto justify the term
recycling chain The companies know one another — above all wihiegion - and the flow of material exchanged é&stm
often in the form of occasional purchases. Tradiogupies an important position given the lack oferial. Plastic waste
materials are sold to the highest bidder and ewemumerous situations, exported. This obliges oer&cycling companies
to import material to obtain throughput, leadingato economically ridiculous and environmentally raéet situation. To
define the characteristics of businesses in ourana@ selected French businesses with technicallega capability
consistent with the nature of the throughput oferiat to be treated [30]. Definition of the techadicapability mainly
concerned the recycling companies and ensuredhbgthad the installations and knowledge necedsaingat PP. Legal
capability essentially concerned the dismantless:only included those who are ICPE classffiadd Qualicert approved
by the manager-distributors who in part managectiiection of ELV. These criteria of choice wereeddo establish the
technical, economic and qualitative characteristicbusinesses and of the initial flows in our mMo@®]. We perfected
our model and validated its soundness by compatingerformances with the average values that veated. In the
following paragraph we will return to our definitis of the performance of businesses and the usevéhanade of them.
The model created is so dimensioned to satisfynteals of waste PP retreatment flows in a Frendbmegll flows are

scaled to this.

*|CPE: Installation Classée Pour I'Environnementyiionmentally classified installation)
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Construction of the model

To create this model and test our development sitenae used the program WitneSs®

The stages of treatment carried out by each busiaess defined by both technical and economic cheniatics Figure

6).

Figure 6: Synthesis of the flow measured for each adlel actor

The vehicle dismantler chosen deals with 1400 dddeovehicles (ELV) per year before any optimiioat, i.e. 11 tonnes
of bumpers available per year (80% of bumpers @smahtled). The bumpers’ input will represent fae trecycling
company a flow of high and controlled quality makrn our model, we make the hypothesis that datdnne batches of
shredded PP produced by the dismantler is partrofiad to 20 dismantlers in order to fill a con&imf 20 tonnes per
round.

The distribution of the flow of ELV over the tewity and the capacity of the recycling companiesatment installations
have shown that around 40 dismantlers are needsdply the recycling company chosen with bumparsrder to

produce a high mechanical performance materiall@ble 1 and Table 5).

Table 1: Sizing of the available flows of bumpersnder specific conditions (data 2004)

The costs of collection by themselves have beeantakto account in the sale price of the materigtieen the two
businesses. We have chosen to index the sale gfribe recycled PP on the price of virgin mateaatl consequently on
the cost of oil (this is not yet a current pracficerecycling companies).

In the recycling process, the material from bumpgnsot mixed with others flows of PP from the relayg of material
from other industries because it is used for prodpuone of seven recycled material items. This itemew and has more
stringent characteristics. We have previously te#ite technical and economic feasibility of thenit[1] and showed that
this recycled material could be used at a proportd 20% EFigure 4) in a mixture with virgin material without the

performance of vehicle components being affectedfianing on an industrial scale results obtainethe laboratory.

3.3 Analysing the performance of the recycling nhai

® A dynamic flow simulation program developed andkaged by Lanner Group
11



From the review of the literature on the performamd production chain, we considered four axesefealuating the
performance of an organisation [31, 32]. Moreousr,means of both the literature and investigatioasied out in the
field, we associated a list of determining critendah each performance considerethle 2). Performance as regards
organisation and in relation to the environmergaldks to a qualitative appreciation which couldb®imodelled here. We

used these criteria to assess the organisatiortatityeof the businesses that we interviewed.

Table 2: Assessment criteria selected to evaluatieet performance of recycling chain.

Table 3: Performance assessment: definition of thessessment objectives for each stakeholder and bet

performance indicators associated.

Performance is therefore multi-dimensional, multiezia and also multi-business which makes itesssent
complex. In addition the nature and levels of penfance targeted vary depending on the interestadi party concerned.
Consequently, we selected the nature and levgieidérmance to be evaluated depending on the régpecterests and
expectations of each of the parties conceriiadlé 3). The systemic approach of the model created Witiness® helped
us evaluate various performances while taking attoount respect for and achievement of the inemfseach business
involved.

In our experiments, a performance level was ddfiteough a hierarchy of defined performance indicaand
assessment criteria which were translated into trogarametersKigure 7). We therefore measured the levels of

performance of the recycling chain by comparingrthalues with those desired by the parties coreeifiable 3) which,
for the recycling chain modelled, gives the exp@gots of each business and the criteria considéedinding out the
response of the chain to these expectations, fferatit levels and indicator values that enablerélad instantiation values
of the criteria. It must be noted that behind tRpeetations of the parties concerned there apeareasons motivating

these parties to identify the actions which shardourage development of the recycling chain.

Figure 7: Indicators and model parameters used towaluate technical and economic performance of our odel

scenarios. The definition of indicators and model arameters are presented in Appendix A.

Among the criteria and indicators recorded, théiity criterion, i.e. the overall margin of theayeling chain and of each
of the businesses, appeared as a recurring anchdting indicator for each of parties concerned i@piesents an overall

measurement (grouped together other criteria) ®fstability of these systems. Thus, the margimnised to many other
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indicators both technical and organisational. Iki®wn as a first level indicator and its analystsurs by measuring
intermediate indicators known as second and tewvdllindicators.

In other words, a positive financial result for tharious businesses is a necessary condition éoethergence of
this recycling chain. Moreover, measuring the groat the overall profit margin of the recycling déhanakes it possible
to assess the influence of the characteristicusinesses and their environment which may influeheesoundness of this

recycling chain.

The respective profit margins of the recycling cfmbusinesses and of the industry overall arealdes which

we have sought to maximise in our model. For tleyaking chain modelled, the margins measured aosehof vehicle

dismantling, PP recycling, of the two businessasfarally of the overall chain solely related tacyeling PP.

4. Conducting the experiment

In the first instance we set the parameters ofwanel by characterising the processors and flowsrding to the
mean values of existing businesses identified asrtbst favourable to development of the recyclingirc in question [30].
Calibration of the model created was possible bypmaring the technical and economic indicator vahlesined with the
model with those of the actual businesses. As thdefnwas fixed, we smoothed out the technical dystfans related to
non-optimal operation of the production equipmesgdiby these companies (excessive maintenance postiictivity
losses, bottlenecks etc.). In the field, analys@ight to light a flow of bumpers dismantled byrd@ntlers then put back
on the carcasses instead of being sent to thelmegymwmpanies. We therefore created a link betwbese businesses to
increase flows of known quality intended for reéyglthus allowing the production of a new qualiignh (hypotheses for
the recycling chain modelled). The indicator valoéghe initial system before maximisation of thargin are those of the
recycling chain shown ifrigure 5. It was on these model parameters that we usedxiberimental protocol to establish

the actions and the responsibilities for actiongctvishould lead to stabilisation of the recyclidgin Figure 8).

Figure 8: Stages of the model experiment

The experimental programmes were conducted usieg/éhiation parameters summarisedTable 4. They resulted in
identifying four parameters for the dismantler dind parameters for the recycling compgmjgure 9) as having the most
influence on the expected performances of the tegychain. Some have a positive and others a negaffect. On the

other hand, the results of the experimental programgive us the values to be achieved for eachenfi tto maximise the
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overall margin indicator of the recycling chaifable 5Table). We have therefore looked for solutions or actien that

the recommended values for the parameters coudHieved in reality.

Table 4: Variation parameters for margin maximization

Figure 9: Experimental design results : effects ahe most influential parameters on actors’ margins

Table 5: Indicators’ and model parameters’ values #ier experimental design

5. Analysis of results and proposals for action

The main results obtained for the various indicatamd the values of the associated parametergsuened irTable 5
First of all the experiment has shown that it isgble for the recycling chain and each of its congnt businesses to
achieve financial equilibrium with a positive ptofinargin. Indeed the main result to keep in minth& a positive margin
can be obtained for a given combination 8fand 3" level indicator values. This supposes to modify ight parameters
and affect the right values to them. Results ralmsst can be discussed on two points:

- the result values

- the parameters values sensibility
The results given ifTable 5 must be considered more as qualitative values (tkacall trend) than as quantitative ones.
For example, for the recycling company, we will ggigs a result only that they can reach a largebitipe margin
supposing some specific changes, and not the fiJimen as margin varies linearly with the paransef€igure 9), we can
use the model to predict the potential margin efi¢he real parameters values are slightly difféfeom the parameters
values we proposed. The model behaviour is nottchabhe extreme values of the parameters reprabenimit values
that we can affect to them. They were chosen agugtd their pertinence and possibility to be resthy the actors. We
can consider that the proposed model is robust.
Moreover,Table 5andTable 6 summarise the responses that the optimised modeides for the expectations of each of
the parties concerned. This equilibrium of the ofiag chain is possible without external finandi@olvement whether
from governments or the automotive industry in metfor precise action requiring heavy investment Husinesses
involved. This result is obtained for technicallgtionising production lines (the volume treated bg tecycling company
corresponding to his maximum yield). Obtaining thessults with the present industry and modifyimg parameters in the
desired direction will result in the right busingaging action at the right momernitable 7 proposes action taken by one
business and by the whole chain, those possiblgoresble for this action among the parties conadraed the

consequences of these actions on the parameterh wiist change.
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Table 6 :Contribution of the proposed recycled chai to fulfil stakeholders’ objectives

Table 7: Actions proposal for stakeholders

The proposals summarised in Table 6 show thatieguin of the recycling chain is possible in retdion action,
particularly reorganising the chain and by eacthefparties concerned investing in it. It must beed however that in the
optimised model that we created this equilibriurnldeonly be achieved by considering two primordiahditions:

- anincrease in the price of virgin material of 288ative to its price in 2004 (constant euros)

- supplying the recycling company with 1400 tonnegadd quality PP waste.

The natural rise in the cost of oil (+ 15% betw@804 and 2006) suggests that this limit shouldogoan obstacle for very
much longer. But this increase doesn’'t necessaoihduce to an equivalent increase of recycled mahigrice, this one is
not directly linked to oil price as for virgin mai@ one. However this criterion should be considewith caution. First of
all, this increase will also cause an increaséénpgrice of the waste cancelling out, in certaisesathe gain on leaving the
recycling chain. In addition, a very large increasmild cause upsets in current manufacturing systamd the long-term
lack of resources would make the use of recycle @ inevitable, which would change the impacpate in the model.
It represents an essential criterion for changéérfirst instance but of itself it is not suffioie
An increase in the resale price of recycled mateould also be imagined which does not depenelysoh oil. It

could result from modification of market demandsl &ime acceptance of buying recycled materials gtidri prices while

still remaining lower than those of virgin materi@his would induce greater confidence in the &ficy of recycling.

As far as the increase in volume of flows of goodldy waste PP is concerned, the model has allaveetd work out the
dimensions needed for a recycling chain for vehigle on a regional scale. Optimising the recyclinogygany's results
implies that he must process at least 6000 tonhB® @er year including 50% in the new quality déods (1400T from

bumpers). Our study has shown furthermore thabt@icrecycling company needs in high quality matebumpers flow
from dismantlers is not sufficient in the case af ohain. Moreover shredder residue sorting cotlldtnpresent supply
enough quantity of high quality material for sturetl parts.

Consequently external sources of supply must besaged and he must be able to use flows from WEEE4st that part

of WEEE that are long life and complex). Indeecereif the flow of material from vehicles could beieased by adding
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other parts as front-end-modules to the bumpeestdtal quantity of this input would still be in§iafent to saturate the

recycling companys' installations.

Having resolved these two aspects, various actbosld be envisaged:

- increasing the cooperation between businessegifig new flows of material,

- making their relationships contractual to susthese flows of material in the long term,

- the industrialization and/or grouping together ishtantler,

- modification of activities (adding reformulationikk to those that recycling companys already hawarking on

integrating recycled materials into design profacticedures),

- positioning recycled materials on high added vahaekets

- encouraging opening the automotive market to rémyaompanies to allow their development and thetstigem

onto the list of suppliers.

We have tried to define how sound the actions Wetpropose are by putting into effect those whiaoh @ossible.
Increasing contact between businesses and coaperagtween them has been attempted by setting spbamper
recycling chain: the bumpers dismantled by the disthers and not recycled are shredded in-situ usingpbile shredder
shared between various dismantlers and collecoibyi a manager-distributor. The shredded bumpellected are
transferred to a recycling company in the refiohhis flow of quality material effectively incress the recycling
company's volumes and also allows him to ensurk this quality the production of a high standarddurct intended for
vehicles (validation of the initial hypotheses).

Use of this new product was proposed to POAE&uipment manufacturing project teams. To encauitsguse
by designers, the product design process was reddifarticularly by creating new material speciimatsheets setting out
the properties of this material. The propertiesuge of the material (pouring properties, retractein.) have been
established and included in the materials datab&k®s ecodesign on-line help tools have been deeel¢33]. Setting up
new high quality outlets requires the structurattpanarket to be opened up and recycled materietintegrated into
design just like virgin material. An approach ttegration has been developed in the project teaghighting use of the
recycling chain modelling tool as a source of infation on the state of the chain and facilitatimg ¢hoice of buyers, and
consequently the production of a recycled mateligi$1].

This experiment has demonstrated the possibility mecessity of closing the loop by integrating theycling

chain into the automotive supplier's design pracess

® Press article “Plastic Recycling: une filiére emthrrage, Autorecyclage, n°65.
" POAE : Plastic Omnium Automotive Exterior
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6. Conclusion

The objective of this study was twofold as we wishe both:
- evaluate the possibility that the plastic reayglindustry would one day be in a position to pdeva sufficient
flow of material in terms of quality and quantity automotive suppliers so that the criteria of Eé/ directive
could be met,
- define the action to be taken and the respoitgisilof each party concerned relative to thesmistto arrive at

this equilibrium, if it appeared to be possible.

Table 5andTable 6 summarize the responses that the optimised regychain that we constructed would provide to the
expectations of the parties concerned. Overall, ¢chain as constructed in the model meets the gualitd cost
requirements of the flows of material. It meets gh#omotive suppliers' objectives in terms of réalyiity but is not
sufficient to meet demand from car manufacturengréhtly it is not possible to combine these flowish those from
sorting shredded residues as the quality of therl& not high enough for the quality standards the propose here. On
the other hand, flows of shredded residues ara@réeing used in low quality items and in part ¥ehicles. Several
solutions for positive development (i.e. providithg quantities of material for recycling which assential) are available
to the recycling industry:
* improving sorting techniques, developing them ie thboratory level to increase both the quantities
recovered and their quality;
e only one business exists today for sorting shreddsilues: therefore this number or its capacioukh
be increased,;
» developing and increasing the quantity of matenéabvered by dismantling by setting up an induktria
network on a national scale;
» calling on new flows of material such as those fitbin WEEE recycling chain. This became a reality on
15 November 2006.
The modelling tool created also provides informativeeded to help decision making by the variousigsar
involved:
- It provides technical and economic performancermétion on a given recycling chain.
- It puts forward specifications for the developmentl setting up of recycling chains.
- It provides flow characteristics for the businessescerned to obtain equilibrium in the recyclingin and

of the businesses involved.
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- It provides the users of recycled material with piheperties of material obtained by the recycliognpanies
and their viability.
- It may also represent a first step towards capitai on recycling industry data for officially apping

vehicles.

Obviously the results must be considered as apmatei values, the object of creating the model b&ingovide orders of
magnitude and indicate trends. However, the tremldish it allowed us to elucidate and apply in traidation tests,
carried out in an industrial setting, are encourggiMoreover, we have been able to verify thatesyst analysis is
essential, as the results obtained by maximisih¢hal margins and the separate margins of the bssas are different,
showing the interaction between businesses andgsbgietimes divergent interests, hence the negdssitonsider all the
businesses involved at the same time. The recydimgn must therefore be considered in its entitetyproduce
development which provides compromises acceptablallt those concerned. We have also been able ridy vihe

relevance of this approach as the presentatiomuofesults to the different parties involved resdlin the formation of a
working group bringing them together with the objet sharing data which should allow the relevaand scope of the

model developed for the PP chain to be extendethir materials.
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7- Appendix A: Definition of model indicators and pprameters

Notation Definition

Ma The profit margin associated with a given activigtor or

chain (A for short)

TRy The recycling rate associated with a given matepait or

product (M for short)

PCa The total production cost associated with a givetividy,

actor or chain (A for short)
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Qt(lam)

The input quantity associated with a given activégtor or
chain (A for short) and with a given material, pant

product (M for short)

Qt(Oawm)

The output quantity associated with a given agtjvitctor
or chain (A for short) and with a given materialripor

product (M for short)

PrBoy

The process performance associated with a giverepso(P
for short) and with a given material, part or prod(M for

short)

Ql(Oam)

The output quality associated with a given activégtor or
chain (A for short) and associated with a givenanat,

part or product (M for short).

SP(Qw)

The selling price associated with a given activégtor or a
chain (A for short) and with a given material, pant

product (M for short)

PUP ()

The purchase price associated with a given actigityor or
a chain (A for short) and with a given materialrtpar

product (M for short)

Mpy

The maintenance associated with a given procestr(f
short) and with a given material, part or produét for

short)

\%J

Sewm

The scrap associated with a given process (P fait)sand

with a given material, part or product ( M for styor

NEpa

The number of employees associated with a prodessr(|

short) and with an activity, actor or chain (A &ort)

WTea

The work time associated with a process (P fortlzord

with an activity, actor or chain (A for short)

PrTem

The process time associated with a given procestor(f
short) and with a given material, part or produdt for

short)

Ql(lam)

The input quality associated with a given activaigtor or
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chain (A for short) and associated with a givenarmal,

part or product (M for short).

ReMC The recycled material choice associated with a rg
material corresponds to the quality distributionredycled

materials produced by recycling companies

SR, The selling price associated with a given virgirtenial
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Figure 1: Difference between ELV and new vehicle ntarial composition

Product chain Part chain Material chain

Bumpers MR > PP

Batteries ¢> E:a d
ELV epollution
Reuse Catalytic converters —MR__,  Metals

MR
Dismantli Glass > Glass

FM, NFM

ELV Metal parts — MR

Tyres ER.MR , Filler

ELV Energy FM, NFM
Shxedd
Sortl FM, NFM—MB—>
i PP,PE,__MR PP, PE,
SR ABS > nBS

landfill

Toupé, P.Y., "Intégration du démantélement des fonctions automotives a la conception." in Mastere "Eco-concetion

Figure 2: Main automotive components’ recycling chians (adapted from [8, 9]) Legend : MR=Material Recycling,
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Figure 3: ELV management
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Figure 5: Diagram of the modelled recycling chaina regional PP recycling chain
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Figure 7: Indicators and model parameters used towaluate technical and economic performance of our odel

scenarios. The definition of indicators and model arameters are presented in Appendix A.

ELV number | Scale over the territory Available flows of bumpers
1800000 Available over the French territory 36000
1200000 Collected over the French territory 24000
480000 Collected by authorized and certified dismantlers | 9600
70000 Collected over the region chosen 1400
Table 1: Sizing of the available flows of bumpersnder specific conditions (data 2004)

Performance

Criteria

Technical

C1: Treatment capacity

Cc2

. Effectiveness

C3

: Respect of legislation objectives

Economic

C4

:Viability/stability of one actor or one chain

C5:

Adequacy with market demands

C6:

Profitability

C7:

Financial support

Organizational

C8:

Collaboration between actors

C9:

Actors’ professionalization
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C10 : Employees’ competences

Environmental

C11 : Exhaustion of ressources

C12 : Energy consumption

C13 : waste

Table 2: Assessment criteria selected to evaluateet performance of recycling chain.

Stakeholders Objectives Performance Criteria Indicéor Value
Society 1- Viability and Societal C4 Profit margin of the| Equilibrium or >0
Government perennity of Economic chain

recycling chains Technical C1 Recycled material | Adequacy with a
2- Information on Organizational volume produced | given market
chain performance | Environmental c2 Quiality New trade outlets
3- Respect of C5 Price Adequacy with a
legislation given market
objectives C3 Recycling rate 85%
Car manufacturers 1- Viability of ELV| Technical c4/C7 Profit margin of the| Equilibrium or >0
recovery chain : no| Economic chain
financial support C1l Recycled material | 32500T of PP
2- Choice of end- volume produced | (Renault 50kg of PH
of-life scenarios to for 2015)
implement C3 Recycling rate 85%
3- Information on C2 Quality new high quality
performance for outlets
decision making in C5 Price < virgin material
design price
3- Respect of
legislation
objectives
4- Increase of
recycled plastic use
Automotive 1- Recycling Economic C4/C6 Profit margin of the| Equilibrium or >0
suppliers companies as Technical recycling company
supplier Organizational C1 Recycled material | 10000T of PP (15%
2- Recovery volume produced | of purchases)
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solutions for their C3 Part recycling rate Maximum
parts Cc2 Quality Adequacy with
3- Respect of structural part
legislation specifications
objectives C5 Price 15% < virgin
3-Increase of high material price
mechanical
performance
material use in
design
4- Forecast car
manufacturers’
demand
5- Potential
performance of
recycling
companies
Recycling chain 1- Viability Economic C4 Profit margin of Equilibrium or >0
actors 2- Increase of Technical dismantling and PP

inputs and outputs | Organizational recycling
3- New high quality C6 Production cost minimize
outlets C1 Recycled material | Adequacy with
4-Find the right volume produced | upstream and
organization downstream

specifications

Cc2 Quality new high quality
outlets
C5 Price Adequacy with the

market (for example

the automotive one

Table 3: Performance assessment: definition of thessessment objectives for each stakeholder and bét

performance indicators associated.
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Levels of analysis | |

Ste

ps

—

Out Put

Means

Organization

Process/ Product

Development of a model

| S,: Selection of studied plastic material |—>| Future requirements in quantity and quality of PP |

A

recyclin

S,: Definition of the structure of the

g chain.

A 4

selection of those adapted (maitrized techno
and qualification)

A

y

Typology of the actors, creation of classes of skills,

logies

S;: Definition of the

activities and flow to
be modeled.

IDEFO model of the processes, definition of
their characteristics (parameters of the model)

A

recycling chain

S,: Creation of a theoretical model of the
under Witness.

Installation of the mathematical relations

v

and characteristic of flows.

A

y

between

technical performances, performances economic

Model of evaluation of
flows available in time.
Investigations service
purchases/prospective
costs materials

Bibliography

Bibliography &
Investigations

| Ss: Parameter setting of the model.

of the existing actors.

A

A

Determination of the real average values

| Se: Calibration of the model.

L

those of the existing actors

Results models dynamic flows similar to

Tests of the scenarios considered and experimental design

| S;:Measure performances

I

Performances Viable economic scenarios
A 4
S,: Recommendations for the emergence Determination by experimental designs of the parameters
. 8- ol . . .
Act " f more impacting for the improvement of the performances
- of the recycling chain. Proposition of actions for different stakeholders.
Figure 8: Stages of the model experiment
Notation Definition Variation
%ELVp Rate of ELV from insurance companies associated
with dismantlers
WeELVp ELV average weight associated with dismantlerd 2
Respp Revenue associated with spare parts and [with
dismantlers
Evolution
Wegp Dismantled bumpers weight associated With
parameters
dismantlers
linked to the
Np Number of dismantlers who dismantle bumpers | 7
context
SP(GQyus) Selling price associated with unshredded bump®8rs
and with dismantlers and recycling companies
Prip Process time associated withe the dismantling7bf
ELV from insurance companies
SP(Qygs) Selling price associated with ELV body shells agd
with dismantlers
Variation ReMGop The recycled PP choice corresponds to the quafity
parameters distribution of recycled materials produced [by
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recycling companies
SR/pp The selling price associated with virgin PP anthywi?
a given market
Qt(lrpp The input quantity associated with PP and with
the recycling company
Table 4: Variation parameters for margin maximization
Effects of the most influential parameters on Myismantling
0,00 ‘ ‘ ‘ ‘ ‘
D 2 4 6 8 10
20,00 =
g 4000 \\
g -60,00 \\
PrT, \
-80,00 SP(Qes)
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Figure 9: Experimental design results: effects ofte most influential parameters on actors’ margins

Variables Notation Initial values Maximized values
1*'level indicator Mismanting(€/ELV) -56 27 [19;35]
M gismanter€/ELV) 100 113 [79;147]
Mpprecyciind€/T) -369 180 [126;234]
MRecycomd€/T) -71,2 186 [130;242]
TRPP (%) +1% +1,6%
2" level indicator P Gmanting (€/T) 409 275
P Goprecycing€/T) 1258 1100
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3% level indicator

Qt(ecycomppp (T) 3756 6866
Qt(Orecycomprd (T) 3400 5825
Qt(lgismantiereL) 1398 2462
Qt(Ogismantiersumper (T) 11 1850
PrRecycinger(T/h) 0.9 1,5
PrRiismantingeLv(ELV/h) 0.8 15

QI(Orecycomppd 70% of low quality 50% of high quality
SP(Qecycinged) (EIT) 889 1330
Parameters Ren(€) 0 0
%ELV|p 80 40
PrTp (h) Uniform(1,6) uniform(1,4)
WeELVp 1 1,2
SRypp (E/T) 0 20%
Qt(lrecycomprd Initial Initial*4
Np 1 100

SP(QismamlerUQ

SP (hecyCompShredBun)p(ng)

SP(Qyismantierud =40

SP(hecyCompShredBun)p_‘238

SP(Qismantlerud =160

SP(hecyCompShredBun)p:37l

Wegp (T) 0,01 0,02
SP(Qes) (E/T) 40 100
ReMGop(% high quality) 5% 50%

Table 5: Indicators’ and model parameters’ values #ier experimental design

Stakeholders Objectives Values
Society Viability and perennity of recycling chains ++
Government Information on chain performance ++

Respect of legislation objectives

Contribution +

Car manufacturers

Viability of ELV recovery chaina financial | ++

support

Choice of end-of-life scenarios to implement -+

Information on performance for decision ++

making in design
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Respect of legislation objectives Contribution +
Increase of recycled plastic use ++ (Response touRestgiectives with our chain
based on certified dismantlers)
Automotive Recycling companies as supplier ++
suppliers Increase of high mechanical performance | +
material use in design
Recovery solutions for their parts +
Forecast car manufacturers’ demand ++
Potential performance of recycling companies  ++
Recycling chain Viability ++
actors Increase of inputs and outputs ++
New high quality outlets ++
Find the right organization -+

Table 6 :

Contribution of the proposed recycled chai to fulfil stakeholders’ objectives

Stakeholders Actions Consequences
Recycling company specifications
Automotive industry Recycled plastic price increase linkeq 2SR,
Society to virgin material price increase
Automotive industry Production of high quality recycled AReMGop

Recycling company

material= new outlets

Automotive industry

Treatment of new sources (new parts

7|Qt(| RecyCompBum))

Recycling company new material) 2N,
Dismantler
Recycling company Sources number increase 7Np

Recycling chain actors

7|Qt(| RecyCompP)’

Recycling company Low price material NSP(Qp)
Dismantler
Society
Dismantler specifications
Dismantler New recyling activity (bumper NRespp

Automotive industry

dismantling) or dismantling

industrialization
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Dismantler Decrease of the ELV (from insurancel NPrT,

Society companies) number NRespp
Decrease of spare parts dismantling

Dismantler Body shell weight and price increase| ASP(Qygs)

Recycling chain actors AWeELVp

Table 7: Actions proposal for stakeholders
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