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Executive summary

Objectives of the project:

The requirement of the Association of Plastic Manufacturers in Europe (APME) is
to be able to apply an integral, typical European model to demonstrate the relative
effectiveness, in economic and environmental impact terms of various plastic waste
recovery structures.

BASF has devel oped a user-friendly Eco-efficiency model to demonstrate the rela-
tive economics and environmental aspects of various products and processes within
their company. Its potential applicability is however much wider.

APME therefore requested TNO to cal cul ate the economics and environmental as-
pects of several plastic packaging waste processing scenarios and to present the re-
sultsin terms of Eco-efficiency using the BASF model.

The objectives of the study are to present an overview of the environmental aspects
and economical impacts of actual reference scenarios and different possible
(theoretical) scenarios of “state of the art” processing routes of packaging plastics,
including collection, pre-processing, mechanical recycling, feedstock recycling,
energy recovery and residues incineration. The environmental aspects and
economical impacts have been compared with the help of model calculations to
illustrate how an improved plastic packaging waste processing scenario can bein
terms of Eco-efficiency.

With the results of the model output interactive discussions with opinion formers
and policy makers can be held by APME. In particular the objectives and targets of
the European Packaging and Packaging Waste Directive, and the impending
revision of the targets are the basis of such discussions.

Thereport isdivided in two parts. The first part covers a costs inventory and a Life
Cycle Assessment (LCA) of environmental impacts of devel oped theoretical sce-
narios of packaging plastics, in order to create a data basis for the demonstration of
the Eco-efficiency concept. The second part covers the Eco-efficiency calculations.
Different scenarios of processing routes of packaging plastics waste are compared
and analysed in terms of “Eco-efficiency” and are presented to give an indication
of the costs-environmental benefits of adopting various combinations of recovery
options.
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Executive summary part |: LCA study and costsinventory

Scenariosin the study:

The cost inventory and Life Cycle Analysis (LCA) of environmental impacts are
focussed on packaging plastics waste in the EU member states. Packaging in
Europe (15 EU-members and Norway and Switzerland) can be considered as a
“single” market with respect to plastics consumption, recycling of plastics and to
some extent waste treatment. The analysis considers packaging plastics in Munici-
pal Solid Waste (MSW) and from Industrial distribution packaging Waste (1W).
The packaging waste data used in the study are average EU data obtained from
literature. The technologiesin this study arereal, “ state of the art”

examples, representative of developmentsin various Northern European countries.

Regarding packaging plasticsin MSW the following processes for collection and

separation of packaging plastics are studied:

— Bottlebank: (“bring system”), followed by manual sorting processes.

- Specific packaging collection: Collection isfocussed at specific (recyclable)
packaging fractions from MSW in a separate bin or bag (yellow bag). Recy-
clable fractions are partly manually sorted and partly mechanically processed.

— Dry/wet collection: Collection of MSW occurs by atwo bin (dry/wet) system
(grey bag) and mechanical processes separate collected fractions.

— Integral collection: MSW is collected integrally without any separation pro-
cess.

Regarding IW the following processes for collection and separation of packaging

plastics are studied:

— Separate collection of IW mono-streams (commercial films, crates and pal-
lets) followed by manual sorting processes.

— Separate collection of IW mixed plastics (including non-response mono
streams) separated by manual and mechanical operations.

— Integral IW collection: without any separation process.

Recycling and treatment processesin this study are:

— Mechanical Recycling (MR): manufacturing of films, crates, pallets, thin
walled products (e.g. fertiliser bottles) to substitute products made of primary
plastics.

— Mixed plasticsrecycling (M PR): production of thick walled products, which
substitute products, manufactured from concrete.

— Feedstock recycling (FR): plastic mixtures as substitute for heavy fuel oil, as
afeed (reducing agent) in ablast furnace process or plastic mixtures as afeed
for the Texaco Gasification process as substitute for natural gas based syngas
in the methanal synthesis.

- High efficient energy recovery (ERpigh): combustion of plasticsin acoal fired
cement kiln whereby steam coal is substituted as energy source.
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- Energy recovery by MSWI (ERwvswi): MSWI installations, which produce
useful energy in the form of heat and electricity.
- Landfill: Integrally collected plastic packaging waste can be landfilled.

Out of these real processes (routes) theoretical scenarios are built (summarised in
Table T1):
« Two reference scenarios are distinguished:

1. 100% landfill; in South-Europe landfill is the dominating applied waste
processing method. It is favourable to demonstrate the environmental bene-
fitswhen diversion from landfill occurs.

2. NOW; this scenario approaches the real situation in the EU with respect to
MR, FR, ERyswi and landfill (in 1998/1999).

e Scenario |, R15 (15% mechanical recycling and 85% energy recovery in a

MSWI) is based on two main devel opments:

- Anin-depth analysis and evaluation of market development of secondary
packaging plastics has evidenced that the sensible mechanical recycling po-
tential for the foreseeable future will stay around 15%, especially with re-
spect to MR for the year 2006 [38]: the eval uation was made together with
key actorsin the recycling area. Thisis the background on which scenario |
was built and the level of 15% is related to market limitations.

Mechanica recycling (MR) consists of the processing of relatively clean

plastic mono-streams (such as plastic films, crates, pallets derived from 1W).

- Diversion from landfill means substitution by municipal solid waste
incineration (MSWI) in combination with recycling. The assumption is that
landfill will be substituted partly by modern MSWI’ s with energy recovery
and partly by recycling.

e Scenariosll, I, IV resp. R25, R35, R50:

- Thepotential of 15% for sensible mechanical recycling is kept. Additional
recycling of more contaminated, more heterogeneous plastic packaging
streamsis realised by feedstock recycling (FR) and/or mixed plastics recy-
cling (MPR).

- Inscenario ll, afirst increase of recycling is achieved by feedstock recy-
cling. In Germany this option (blast furnace) is already operational for some
years. In thisway the increase of 15% to 25% recycling is realised.

- A futureincrease from 25% to 35% has been considered in scenario 111, via
MPR. Some Northern European countries have experience with such mixed
plastics recycling (substitution of wood and/or concrete).

- Inscenario IV, afurther increase of recycling from 35% to 50% is consid-
ered, which is achieved by increasing the recycling rates both via FR and
MPR. This scenario isin line with the actual approach in Germany.

- Inadl I1-1V scenarios, energy recovery in amodern MSWI complements re-
cycling for treating the remaining part of the plastics waste stream.

TNO-MEP - R 2001/119
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TableT.1 Recycling targets of main scenarios.
Scenario Code Recycling target:
MR MPR FR ERhigh ERwmswi  Landfill
Reference 1 Landfill ® 100%
Reference 2 NOW 10.7% 1.3% 3.0% 2.0% 13.0% 70%
Scenariol  R15Y 15% 85%
Scenario Il R25y or R25g 2 15% 10% 75%
Scenario Il R35y or R35g 2 15% 10% 10% 65%
Scenario IV R50yor R35g 2  15%  20% 15% 50%

1) For recycling rates up to 15% it is assumed this target can be achieved by collection of industrial
waste mono streams and by bottle bank collection. In the sensitivity analysis of this study some
additional scenarios are dealt with 10% recycling rate and 90% energy recovery; see part Il, Execu-
tive Summary.

2) For higher recycling levels than 15% more comprehensive routes such as a grey bag system or a
yellow bag system are required. The code addition “y” and “g” is related to yellow bag and grey bag
system respectively.

3) In some figures in this report the Landfill scenario is presented with the abbreviation “Landf”.

Table T.1 presents the defined recycling targets of the scenarios for comparison.
Thetemporal framework of thisstudy is “the late nineties’.

The (theoretical) recycling scenarios|, |1, 111 and IV have been defined as a combina-
tion of processing routes and these scenarios reflect the present technology and the
developmentsin the next few years. The increasing recycling rate R of the scenarios
I1, 111 and 1V can be redised by the recycling of packaging plastics of MSW with two
aternative collection routes, either by yellow bag collection (scenarios R25y, R35y
and R50y) or by grey bag collection (scenarios R25g, R35g and R50g).

Results costsinventory:

Figure S.1 shows the results of the costs inventory of the reference and recycling
scenarios. Tota costs are in the range of 0.17 Euro per kg (scenario landfill) to
0.67 Euro per kg packaging plastics (scenario R50y). Costs figures are divided in
4 parts; collection costs, separation and upgrading costs, treatment costs (applica-
tion processes) and resulting benefits (negative costs) as a consequence of the sub-
stitution of products. Figure S.1 demonstrates the increase of costs with increasing
R and these increased costs are only partly compensated by increased benefits. The
lower total costslevel of grey bag scenarios compared with yellow bag scenariosis
mainly caused by differencesin collection costs.
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FigureS1 Resultsof costsinventory.

Environmental impacts:

Mass balances and energy balances are the calculation basis for environmental “in-
terventions” as emissions, depletions, wastes etc. Process data for mass balances
and energy balances in this study are derived from literature. Interventions are
trandlated into “ potential” environmental effects. As a consegquence environmental
impacts are expressed in terms of ;

1. Mineral resources depletion potentia (ADP),

Fuel resources depletion potential (EDP),

Global Warming Potential (GWP),

Ozone Depletion Potential (ODP),

Human Toxicity Potential (HTP),

Aquatic Eco Toxicity Potential (AETP),

Photochemical Ozone Creation Potential (POCP),

Acidification Potentia (AP),

. Nutrification Potential (NP),

10. Final Waste (FW),

11. Specific (hazardous) final waste (TW),

12. Cumulative energy reguirement (ENER).

©COoNORrWDN

The “overall comparison” of environmental impacts of scenariosin this study is
illustrated by normalised bar charts; the average impacts per European capita per
year are used as hormalisation factors. These graphs give an integral overview of
the jointly normalised environmental aspects of the scenarios, including impacts
and benefits for the environment. Figure S.2 shows the results of the comparison of
yellow bag scenarios R25y, R35y and R50y with baoth reference scenarios (landfill

TNO-MEP - R 2001/119
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and NOW) and scenario R15. Figure S.3 shows the results for the comparable grey
bag scenarios.

According figures S.2 and S.3 the environmental impacts FW and TW, followed by
EDP, ENER, GWP, POCP, AP and AETP, have arelatively significant contribu-
tion, considering the comparison of the scenarios. The calculated FW impact is
mainly a consequence of the landfill routes, whereas most of the TW impact is
generated from residues and fly ash of MSWI. The contributionsto AETP, AP,
EDP, ENER and POCP are mainly realised by the avoided impacts of the substi-
tuted processes. To some extent the AETP, AP, EDP and ENER impacts are par-
tially affected by the energy input of the packaging plastics collection and treat-
ment.

Both reference scenarios cause arelatively high contribution to FW, whereas the
recycling scenarios in sequence of R15, R25, R35 and R50 redlise relatively high
TW loads.

The comparison of the environmental impactsillustrated in figure S.2 and figure
S.3 does not result in an obvious image of the consequences of increasing the recy-
cling rate R. The GWP and POCP load reduce with increasing recycling rate R,
whilethe AETP, EDP and AP loads enlarge with increase of the recycling rate R.

Comparison of the yellow bag scenarios (figure S.2) and grey bag scenarios
(figure S.3) does not result in any significant differences. The grey bag scenarios
have adlightly higher AETP and EDP impact compared with the yellow bag sce-
narios, due to the energy requirement of mechanical separation in the case of appli-
cation of grey bag processing routes.
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Executive summary part I1: demonstration of Eco-efficiency

Weighting of environmental impacts:

For the presentation of an integral value of environmental impacts an aggregated
(or integral) environmental impact score is calculated. As a consequence integral
environmental impact scoresin this study are based on weighting of the different
environmental aspects. Weighting is a subjective item. In order to compensate this
objection different weighting methods and weighting factors are used in this study,
whereas a clear distinction is made between results with and without weighting.
The base weighting method in this study gives all impacts equal weighting, except
for both the toxicity themes (AETP and HTP). The weighting factors for toxicity
are multiplied with afactor %%, because some uncertainties exist as to how thistype
of impacts should be modelled.

The combined presentation of integral environmental impacts and total costs of the

studied scenarios is based on the Eco-€fficiency portfolio presentation, as deve-

loped by BASF. This presentation has two important characteristics:

— Thedifferences between total costs scores and the differences between integral
environmental impact scores of individual scenarios are presented.

— Theportfolio is standardised and al values are made dimensionless.

Figure S.4 shows the results of the yellow bag scenarios R25y, R35y and R50y to-
gether with those of the both reference scenarios (landfill and NOW) and scenario
R15. The reference scenarios show the greatest environmental load, but the costs
arerelatively low. Scenario R15 gives an obvious decrease of the environmental
load without a significant increase of costs. With increasing R value the scenarios
R25y, R35y and R50y show an increase in costs without an obvious reduction of
the environmental impacts. Scenario R15 (and then R25y) is the most favourable
scenario with regard to the Eco-efficiency analysis.

The Eco-€fficiency method is clearly a demonstration tool for showing the conse-
guences of changed selections of scenario processes, weighting procedures or start-
ing points of calculations. The portfolio presentation can be used for illustration of
the sensitivity of these changes.

One of the questions raised is the comparison of the consequences of the grey bag
processing routes with those of the yellow bag processing routes. Figure S.5 shows
little difference is observed with respect to the Eco-efficiency of yellow bag sys-
tems versus the grey bag systems. The yellow bag systems are realised with higher
costs while the grey bag systems are characterised by somewhat more environ-
mental load.
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FigureS4  Eco-efficiency portfolio : Comparison of reference
scenarioswith R15 (scenario | ), R25y, R35y and R50y

(scenarios|l, 111 and IV by collection with yellow bag).
0 4
_H o landf
12
g :H o Now
o
E
FR35g
0.5
O X R509
+ R35y
X R50y
1 ‘
1 4—— (55 Costsl 0

FigureS5  Eco-efficiency portfolio : Comparison of
reference scenarios with R35g, R50g, R35y and R50y
(scenarios |11 and 1V by grey bag versus yellow bag).

With respect to the sensitivity analysis, weighting factors and normalisation factors
are varied within defined limits. In all analysed cases scenario R15, followed by
R25, is the most favourable one from the Eco-efficiency point of view.

In the sensitivity anal yses specific assumptions for energy recovery and substituted
processes are varied. In the comparison, the exclusion of landfill is an important
prior condition for all recycling scenarios. Landfill instead of energy recovery
would result in a considerable increase of environmental impacts and a conside-
rable decrease of Eco-€fficiency.

TNO-MEP - R 2001/119
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In figures S.6, S.7 and S.8 the consequences of specific assumptions for energy re-
covery and substituted processes are demonstrated comparing reference scenarios
and scenarios with yellow bag collection:

— Figure S.6 shows the comparison if a substantial part of the energy recovery in
scenario R35y and R50y is realised by co-combustion of plasticsin a cement
kiln (ERhigh)-

— Figure S.7 demonstrates the portfolio if the energy recovery by MSWI isreal -
ised with high efficient heat recovery.

— Figure S.8 demonstrates the portfolio if the feedstock recycling target (FR) in
al recycling scenarios is realised by gasification of plastics (Texaco process)
instead of the blast furnace.

The sensitivity analysisin figure S.6, S.7 and S.8 illustrates that these changes of
underlying specific assumptions for energy recovery and substituted processes has
arelatively small influence on the Eco-efficiency profiles. In al analyses scenario
R15, followed by R25, shows to be a favourable one with respect to Eco-
efficiency.

In the sensitivity analysis some additional scenarios are considered in addition to
the main recycling scenarios. The main objectiveisto illustrate the consequences
of adecreasing MR or MPR rate together with an increasing ER rate. In figure S.9
two additional scenarios with 10% mechanical recycling plus 90% energy recovery
are compared with the reference scenarios and the main recycling scenarios. In the
first additional scenario the 10% mechanical recycling isfocused at IW plastic
mono streams (R10i/E90), whereasin the second additional scenario mechanical
recycling is mainly focussed at plasticsin MSW.

Figure S.9 demonstrates that the Eco-efficiency of the 10% mechanical recycling
scenario focussed at IW plastic mono streamsin this context is nearly equal with
the Eco-efficiency of the main scenario with 15% mechanical recycling and 85%
energy recovery (R15/E85).

Figure S.9 also demonstrates that the 10% mechanical recycling scenario focussed
at MSW plastics (R10m/E90) results in a considerable decrease of Eco-efficiency
compared with other scenarios (R15/85E and R10i/90E). The most important factor
istheincrease of costs of mechanical and mixed plastics recycling of plasticsin
MSW, compared with mechanical recycling of 1W plastic mono streams or energy
recovery inaMSWI.
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The general conclusions are:

» The executed study is afirst step with regard to the comparison of scenarios
with different levels of material recycling and energy recovery.

« For this study (except the market evolution of recycled plastics) the approach is
descriptive rather than change oriented. It is based on theoretical scenarios. As
usual for such studies, results may vary according to the data used, the selected
primary products and processes which are substituted by secondary prod-
ucts/energy resources, or by the weighting method selected to calculate the inte-
grated environmental impact. Some variants around the basic scenarios -1V il-
lustrate the impact this can have on the conclusions.

» The calculations are related to the current situation with respect to the composi-
tion of plastics (the “average” European composition) and real “state of the art”
processes (devel oped in Northern Europe). The data used are related to the sec-
ond half of the nineties. This study does not present results of adynamic ap-
proach with respect to composition changes of plastics and improvement of ex-
isting processes or introduction of new processes.

« Within the described limitations the study indicates trends for the next decade.
The results of the study have to be used on an European level (or possibly coun-
try level) and are not applicable for any local/regional situation, because waste
volumes, compositions and regional collection systems can vary enormously.

e Theresults of the study show:

- Thesingle most positive impact on eco-efficiency comes via diversion from
landfill in favour of a combination of mechanical recycling of monomaterial
relatively clean waste + energy recovery in moderately efficient modern
MSWiIs (30% energy recovery efficiency, complying with the new EU In-
cineration Directive).

- Increasing the efficiency of energy recovery improves the eco-efficiency of
the system.

- Increasing recycling rates from 15 to 50% (with FR and/or MPR) and corre-
spondingly decreasing the energy recovery rate increases costs by afactor 3
while environmental impact remain broadly similar.

- With the choice of the recovery options mechanical recycling of monomate-
ria relatively clean waste + energy recovery in moderately efficient
modern MSWIs, significant improvement in environmental impact could be
achieved at similar costs compared to the current EU average.

» Further developments based on the results of this study can be:

- Theexecution of prospective studies of selected routes for given countries.

- The execution of a change-oriented approach including changes in plastics
composition and innovations in technological processes.

- Anevaluation within 5 years to take into account the evolution of waste
composition, waste processing techniques and to include the actual experi-
encein thefield of municipal solid waste management.

« The study has been critical reviewed by a panel of independent experts.
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1. | ntroduction

1.1 Background

The requirement of the Association of Plastic Manufacturers in Europe (APME) is
to be ableto apply an integral, typical European model to demonstrate the relative
effectiveness, in economic and environmental impact terms of various plastic waste
recovery structures.

BASF has developed a user-friendly model to illustrate Eco-efficiency compari-
sons and BASF has made this concept accessible for use by APME. With this
model it is possible to assist APME in developing an integral strategy for the recy-
cling or recovery of plastic waste streams, in particular for packaging plastics. With
the results of the model output interactive discussions with opinion formers and
policy makers can be conducted. The objectives and targets of the European Pack-
aging and Packaging Waste Directive, and the impending revision of targets are the
basis of such discussions.

With the help of the output of the model, the impact of higher recycling

amounts/higher recovery amountsisillustrated. This has been done for household

packaging waste and industrial packaging waste together. Actua waste processing

structures in several European countries and data from integral, technical, envi-

ronmental and economical studies already executed are the starting point for the

model use. Different combinations of mechanical recycling, feedstock recycling,

(high) energy recovery, incineration (with energy recovery) and landfill can be ap-

plied.

Different scenarios have to be cal culated and weighted in terms of economics and

environmental aspects to show the relative effectiveness of the different combina-

tions of plastics processing options: Calculations give the results of an “ Eco-

efficiency” analysis.

The benefits of an “Eco-efficiency” analysis in terms of waste recovery are :

— The most appropriate recovery options can be chosen to optimise the balance
between environmental gain and economic costs.

— Thereassurance that recovery decisions are based on sound technica data.

— Theresultsidentify opportunities for improvement.

APME requested TNO to calculate the economics and environmental aspects of
severa plastic packaging waste processing scenarios and to present the resultsin
terms of “ Eco-efficiency” using the BASF concept.
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12

Objectives

The objectives of the study are:

13

Comparison of the environmental aspects and economical impact of different
scenarios of integrated processing routes of packaging plastics, including col-
lection, pre-processing, mechanical recycling, feedstock recycling, energy re-
covery, residues incineration and as base case landfill.

Calculation and determination of the Eco-efficiency profiles of theoretical de-
veloped scenarios and comparison of them with the Eco-profiles of existing
base structures.

Execution of an analysisto illustrate how a plastic packaging waste processing
scenario can beimproved in terms of Eco-efficiency.

Set up of thereport

The report is divided in two parts.

Part | contains the LCA study and the costs inventory. This part meets the 1SO
14040 LCA standard.
The main items of part | are:

Goal and scope of the costs inventory and LCA study
Characteristics of the plastic packaging waste

Basis for comparison of the different scenarios

Mass balances of the different scenarios

Inventory of the environmental and costs data

Impact assessment of the several environmental aspects
Normalisation of the different environmental aspects
Conclusions of part |

Part |1 contains the demonstration of the Eco-efficiency concept.
The main items of part |l are:

Description of the Eco-efficiency concept
Calculation and demonstration of the Eco-efficiency impact
Conclusions of part I

TNO-MEP - R 2001/119
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PART |: LCA study and costs inventory
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2. Goal and scope of the study

2.1 Goal of the study

2.1.1 Goal and description

The goal of the study isto identify, on the basis of Europe-wide based scenarios,
eco-efficient trends in plastics packaging waste management for the next decade.
With the help of the results of model calculations several theoretical scenarios
based on existing processing routes can be compared with respect to environmental
impacts and resulting costs. Based on actual waste processing structures in several
European countries (especialy Germany, Belgium, The Netherlands) and gathered
data from technical, environmental and economical studies already executed, theo-
retical scenarios are built and compared with reference scenarios. Analysis of the
current situation and comparison with theoretical scenarios with more material re-
cycling/energy recovery isthe aim of model calculations. Different combinations
of mechanical recycling (of mono streams as well as mixed plastics), feedstock re-
cycling, high energy recovery, incineration (with energy recovery) and landfill are
compared.

Combination of the calculated and weighted environmental and economic impacts
will result in “eco-efficiency” presentations. These presentations will show the
relative effectiveness of different combinations of plastic processing options. The
results will show in which direction an improved processing of plastic packaging
waste will go and opportunities for improvement will be identified.

The study is afirst step to illustrate, starting from the present situation, “eco-
efficient” optionsfor recycling and recovery; a dynamic oriented follow-up will
give more support to the identified improvement options.

The study is focused on that part of Europe (15 EU members and Norway and
Switzerland) that can be considered as a“ single” market with regard to plastic
packaging consumption and recycling of plastics. In practice the EU member states
are the relevant region for waste and waste treatment. Real data of processes, “av-
erage” European data of (plastic) waste and typical data of other aspects from (re-
gions of) EU member states are applied for the calculations.

The study will indicate trends for the next decade. This means that the results of the
study have to be used on a European level (or possibly country level) and are not
applicable for any local/regional situation. In accordance to these situations re-
giona waste volumes, waste compositions and regional collection and treatment
systems have to be considered.

For this study (except the market evolution of recycled plastics) the approach is de-
scriptive rather than change oriented. It is based on theoretical scenarios. As usual
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for such studies, results may vary according to the data used, the selected primary
products and processes which are substituted by secondary products/energy re-
sources, or by the weighting method selected to cal culate the integrated environ-
mental impact.

2.1.2 Target group

With the results of the study interactive discussions with opinion formers and
policy makers on a European level can be conducted. The objectives and targets of
the European Packaging and Packaging Waste Directive, and the impending
revision of targets are mostly the basis of such discussions. In this area at |east
three groups of actors can be distinguished:

— Policy makers (Nationa government, EU Commission and EU Parliament).

— Industry.

— Non-Governmental Organisations.

Representatives of these groups are in a permanent discussion about the optimal
waste management situation and recovery structures for plastic packaging. There-
sults of this study should serve as a common basis of information in this ongoing
discussion.

2.1.3 Initiator

Initiator of this study isthe APME (Association of Plastics Manufacturersin
Europe).

2.2 Scope of the study

2.2.1 Functional unit

The functiona unit (FU) isthe base for analysis and comparison in this study.

FU in thisproject is:
the“ coherent treatment” of 1 kg “average” packaging plastics out of M u-
nicipal Solid Waste (M SW) and out of Industrial packaging Waste (IW).

Explanation:

- “Coherent trestment” in this sense means a specific combination of processes,
which alows for an adequate treatment of the mix of plastic packaging.

- “Average” packaging plastics means a weighted average in composition and
morphology of packaging plastics in European MSW and IW.
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For comparisons “a state of the art” selection of application processes hasto be
made. In chapter 4 an execution of this selection is described.

1 kg plastics collection | r2nsport sorting fransport treatment
in plastics & (application)
MSW and IW from waste cleaning

Figure2.2.1 Functional unit (FU) for comparison in this study:
coherent treatment processes of 1 kg plastics.

2.2.2 Recycling categories

In view of the goa of the study, the comparisons should include areference as well
as state of the art examples of “ application ” processes for mechanical recycling,
feedstock recycling and energy recovery.

With respect to the different recovery options the following possibilities can be dis-
tinguished:

M echanical Recycling processes (M R/MPR)

— (mono-material) mechanical recycling (M R); the recycled plastic substitutes
the virgin material

— mixed plastics recycling (M PR); the recycled plastics substitute a non-plastic
materia (e.g. wood, concrete)

Feedstock Recycling processes (FR)
The recycled plastics substitute the application of fossil resources (feedstock) in
production processes (substitution of gas, ail, etc.).

Energy recovery processes (ER)

— Theuse of recycled plastics as afuel during energy production (co-combus-
tion), characterised by a high conversion efficiency (ERpign)

— Plasticsin waste areincinerated and energy application is a side activity
(ERmsvvi)

2.2.3 Comparison of scenarios

In this study the environmental aspects and costs of six defined (theoretical) sce-
narios based on existing waste processing routes have been compared. Table 2.2.3
presents an overview of the scenarios and the defined recycling targets. The build-
ing of the scenarios is as follows:
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Out of these real processes (routes) theoretical scenarios are built (summarised in
Table T1):
« Two reference scenarios are distinguished:

1. 100% landfill; in South-Europe landfill is the dominating applied waste
processing method. It is favourable to demonstrate the environmental bene-
fitswhen diversion from landfill occurs.

2. NOW; this scenario approaches the real situation in the EU with respect to
MR, FR, ERuswi and landfill (in 1998/1999).

e Scenario |, R15 (15% mechanical recycling and 85% energy recovery in a

MSWI) is based on two main devel opments:

- Anin-depth analysis and evaluation of market development of secondary
packaging plastics has evidenced that the sensible mechanical recycling po-
tential for the foreseeable future will stay around 15%, especially with re-
spect to MR for the year 2006 [38]: the evaluation was made together with
key actorsin the recycling area. Thisis the background on which scenario |
was built and the level of 15% is related to market limitations.

Mechanical recycling (MR) consists of the processing of relatively clean

plastic mono-streams (such as plastic films, crates, pallets derived from IW).

- Diversion from landfill means substitution by municipal solid waste
incineration (MSWI) in combination with recycling. The assumption is that
landfill will be substituted partly by modern MSWI’ s with energy recovery
and partly by recycling.

e Scenariosll, I, IV resp. R25, R35, R50:

- The potential of 15% for sensible mechanical recycling is kept. Additional
recycling of more contaminated, more heterogeneous plastic packaging
streamsis realised by feedstock recycling (FR) and/or mixed plastics recy-
cling (MPR).

- Inscenario 1, afirst increase of recycling is achieved by feedstock recy-
cling. In Germany this option (blast furnace) is already operational for some
years. In thisway the increase of 15% to 25% recycling is realised.

- A futureincrease from 25% to 35% has been considered in scenario ll1, via
MPR. Some Northern European countries have experience with such mixed
plastics recycling (substitution of wood and/or concrete).

- Inscenario IV, afurther increase of recycling from 35% to 50% is consid-
ered, which is achieved by increasing the recycling rates both via FR and
MPR. This scenario isin line with the actual approach in Germany.

- Inal I1-1V scenarios, energy recovery in amodern MSWI complements re-
cycling for treating the remaining part of the plastics waste stream.
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Table2.2.3 Recycling targets of scenarios.

Scenario Code Recycling target:
MR MPR FR ERnign ERmswi  Landfill

Reference 1 Landfill ¥ 100%
Reference 2 NOW 10.7% 1.3% 3.0% 2.0% 13.0% 70%
Scenariol  R157" 15% 85%
Scenarioll  R25y or 15% 10% 75%

R25g 2
Scenario Il R35y or 15% 10% 10% 65%

R35g ?
Scenario IV R50y or 15% 20% 15% 50%

R50g 2

1) For recycling rates up to 15% it is assumed this target can be achieved by collection of industrial
waste mono streams and by bottle bank collection. In the sensitivity analysis of this study some ad-
ditional scenarios are dealt with 10% recycling rate and 90% energy recovery.

2) For higher recycling levels than 15% more comprehensive routes such as a grey bag system or a
yellow bag system are required. The code addition “y” and “g” is related to yellow bag and grey bag
system respectively.

3) In some figures in this report the Landfill scenario is presented with the abbreviation “Landf”.

In scenarios 111 and 1V (seetable 2.2.3) thereis an alternative for ERmgyi asthe ER
option. This aternative ER option consists of 33.8% ERmsi and 31.2% ERyigh .in
the case of R35, whereas 33.8 % ERsi and 16.2% ERyig,.in the case of RS0. The
calculations of the last mentioned options for R50 and R35 are executed during the
sensitivity analysis.

The scenarios can be defined in different ways, with different coherent treatment

processes.

For example: the 10% FR target can be reached by means of:

— Two bin (dry/wet) collection, with the MSW plasticsin the dry fraction, fol-
lowed by a mechanical separation of a mixed plastics fraction.

— Yédlow bag collected MSW packaging fraction with plastics, followed by
combined manual and mechanical separation of mixed plastics.

— Callection of mixed IW plastics, followed by mechanical separation.
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collection > sorting & L treatment
1 kg plastics MSW cleaning (application)
in
MSW and IW collection > sorting & > treatment
W cleaning (application)

Figure2.2.3 Separate routes for packaging plasticsin MSWand in IW.

Scenarios in this study have been defined as a combination of selected routes of proc-
esses with state of the art technologies. In general, packaging plasticsin IW are col-
lected separately from packaging plastics in MSW. That is why the routes for
packaging plastics in MSW are considered apart from routes for IW packaging
plastics (see figure 2.2.3). In chapter 4 the selection of routes and the combination of
routes to build up the required scenarios are executed.

The study is focused on that part of Europe (15 EU members and Norway and
Switzerland) that can be considered as a“single” market with respect to plastics
consumption and recycling of plastics. With regard to waste treatment national (re-
gional) policy is dominating, but more and more EU-directives are becoming the
leading starting condition. In practice the EU member states are the relevant region
for the waste and the waste treatment. This does not mean that all input data are
based on real average EU data. Whereas waste quantities and composition data are
based on European averages from inventoriesin literature (see also chapter 3), the
technologiesin this study are based on real “state of the art” examples, representa-
tive for the actual developmentsin Northern European countries (see also

paragraph 2.5.2).

2.3 Temporal representativity

Data on waste arising and composition refer to the period 1996-1998. Data on the
technologies and “fore ground processes’ used (see2.5.1), varies per technology:
- landfill (historical data 1990-1998)

— mechanical recycling (1996-1999)

- feedstock recycling (1996-1999)

— energy recovery (1996-1999)

Datafor the “background” processes, e.g. eectricity production, transport, utilities,
etc.(see chapter 2.5.1), refer to the period 1990-19909.
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2.4 Analysis-type

In the current methodology of LCA, adistinction is made between marginal and
average analysis. Marginal analysisis change-oriented, whilst average analysisis
descriptive.

This study has a descriptive (average) character looking from the waste world to
the rest of the economic society. With respect to market outlets for recycled mate-
rials, adynamic approach is applied.

25 I nventory aspects

25.1 System definition

Figure 2.5.1 shows the basic system for analysing. Scenarios are constructed by

routes, including two type of processes:

— Foreground processes: the collection of plastics, sorting and cleaning and ap-
plication processes

— Background processes; theses processes include inputs for foreground proces-
ses and the substituted processes. Substitution is a consequence of the recovery
of plastic products.
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Foreground processes
route products
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collection transport | SIS | transport o -sec.products
plastics & > application | -feedstock
MSW or IW cleaning -energy
A
Background processes
input of utilities & materials substituted primairy products
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-auxiliaries - feedstock
- energy
x z
Foreground processes
route products
- -sec.plastics
collection transport | SOMING | transport o -sec.products
plastics > & > application | feedstock
MSW or IW cleaning -energy
Y
Background processes v
input of utilities & materials substituted primairy products
-energy - plastics
-fuel - other materials
-auxiliaries - feedstock
- energy
X X

Figure2.5.1 System outlinein this study.

2.5.2 Processdata and data quality

Process datafor Foreground Processes and costs data are derived from literature.
Quantities and morphology of plastics are based on the Sofres study (1)
Collection and separation are mainly based on the Cold Box study (2).
Application processes are bases on TNO models (15,16), on the Fraunhofer
studies (3, 4) and on the Texaco study (5).

A more detailed overview of the processesis given in table 2.5.2.

Table2.5.2 Overview of the processedactivities.
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Name process/activity Reference(s) Geographical Year (range) Char
representativeness data
Collection (2), (39), (40) Germany, Belgium, 1995 - 1999 Typic
Netherlands,
Switzerland,
Scandinavia, Italy
Pretreatment/separation/sorting  (2), (39), (40) Germany, Belgium, 1995 - 1999 Typic
Netherlands, Sweden,
Norway
Mechanical recycling mono- (4), (40) Germany, Belgium, 1996 - 1999 Typic
streams Netherlands, Italy
Mixed plastics recycling 4) Germany 1996 - 1999 Typic
Blast furnace 3) Germany 1996 — 1999  Typic
Texaco gasification (5) Netherlands 1996 — 1998 Typic
Cement kiln (4) Germany 1996 — 1999  Typic
MSWI (3), (15), (16), (25) Netherlands, Germany  1995-1999  Aver
Landfill (15), (16) Netherlands 1990 - 1998 Aver

The scope of these studies is the European area and the results of these studies are
supported (checked) by the main actors with respect to the different aspects.

Process data for background processes are derived from LCA literature (databases):

— Production of primary plastics: APME reports (17)

— Production of fuels, energy conversions and transport processes. BUWAL 250
(18)

BUWAL 250 incorporates the APME data (17) and has added more information to
these specified data sets.” Foreground data as well as background data are from
different sources. Data quality is different varying from good to estimationsand is
dependent of the sources. Thisis acceptable within the scope of the study.

2.5.3 Allocation

In case of a multi-functional input and /or output process, the interventions of that
process should be allocated to the relevant substance flow of the functional unit.

Allocation for multi-input processes like co-combustion, MSW incineration and
landfill has been carried out on basis of physical causality (15, 16, 19).

D" For the production of primary plastics the BUWAL 250 data are not applied, but

the original APME data. This inconsistency is of minor relevance, because all re-
cycling scenarios include an amount of 15% MR (substitution of primary plas-
tics), so possible differences between scenarios are leveled out.
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In this study the allocation problem occurs mainly at multi-output processes at the
end of the routes or the “value” of their end products. Two different approaches ex-
ist (13, 14), asdefined in 1SO (14)", with the following order:

1) avoid allocation by system enlargement;

2) definearelevant criterion for allocation.

Both approaches are being used in practice. System enlargement has the advantage
of avoiding the problem. The disadvantage is that in case of a comparison of dif-
ferent systems, the lowest common multiple might become a very complex system,
including almost the whole world of processes. The discriminative power between
the results becomes very weak, because the results are mainly determined by the
imported processes. For thisreason it is more clarifying to present the resultsin the
form of adifference: the substitution method. In this case the resulting end
products are valued on basis of the production processes, which they are able to
avoid, when using them. Theoretically there is a difference between system
enlargement and the substitution method, but regarding the present differences be-
tween the scenarios both methods are comparable with each other.

If necessary corrections for the difference in primary and secondary material qual-
ity, life time differences etc. have to be made by means of substitution factors (see
table 4.4.1).

2.6 I mpact Assessment

For LCA studies several impact assessment methods are reported. Most important
differences between published methods are how to deal with the environmental
themes toxicol ogy, depletion and final waste. Each of these impact assessment
methods has its own specific merits combined with specific disadvantages. In this
field the CML method (6) is one of the most detailed and in the European area
most accepted method. Conseguently the impact assessment method in this study is
mainly based on the CML method (6). According to the CML impact assessment
method invented interventions (emissions and depl etions) are trandated into
“potential environmental effects’. Table 2.6 gives an overview of these effects.

This study applies some adaptations to the CM L method (concerning ADP, EDP,
HTP, AETP, energy (ENER), final waste (FW) and specific final waste (TW); see
Table 2.6). The background of these adaptationsis discussed in appendix C1.

D IS0 14042 gives a detailed description for the allocation procedure in LCA’s.
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Table2.6  Overview of environmental effects.
Environmental effect Abbreviation Dimension
Mineral Resources Depletion Potential ADP (kg.y) LE+15
Fuel Resources Depletion Potential EDP (MJy) E+15
Global Warming Potential GWP kg eq. CO;
Ozone Depletion Potential ODP kg eq. CFC11
Human Toxicity Potential HTP kg eq. htp
Agquatic Eco toxicity Potential AETP m® eq. aetp
Photochemical Ozone Creation Potential POCP kg eq. CoH4
Acidification Potential AP kg eq. SO,
Nutrification Potential NP kg eq. PO,
Special categories
Final Waste FW Kg
Specific final Waste (hazardous waste) TW Kg
Cumulative energy requirement ENER GJ

27 Normalisation

A first step in the interpretation of the results is to translate the absolute scores of
the environmental effect into relative scores. In this case the absolute scores are
expressed as fractions of the total score of that particular environmental effect in a
relevant region. Therelevant region in this study is Europe. Normalisation factors

in this study are derived per capita per year.

Table 2.7 gives an overview of normalisation factors. Background information of
normalisation factorsis reported in appendix C.2.

Table2.7 Normalisation factors.
Unit Factor
ADP kg.y. E-15 0.00043
EDP MJ.y. E-15 0.0016
GWP 1/kg eq. CO, 0.000085
ODP 1/kg eq. CFC11 11.3
POCP 1/kg eq. CoHq 0.11
AP 1/kg eq. SO, 0.021
NP 1/kg eq. PO4 0.019
FW 1/kg 0.0008
™ 1/kg 0.013
Ener 1/GJ 0.0073
AETP 1/m®eq.aetp  0.000014
HTP 1/kg eq. htp 0.000095
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2.8 Evaluation

Evaluation of environmental aspects:

The characterisation step (the scores of the potential environmental effects) gives
an environmental profile. This profile can be expressed in abar chart. This can be
done both for the absolute scores as well as for the normalised scores. The profile
with normalised scores gives information about the relative importance of the
various scores.

The environmental analysis (based on LCA methodology) ends with these profiles,
according to 1SO 14040 - 14043 (13).

Evaluation of costs aspects:

In principle the invented costs are “rea” costs, without subsidies, profits, etc. For
the scenarios the invented costs per FU can be compared with each other. The costs
per scenario can be split up to the different routes, which build up the scenario, or
to the different parts of the route (collection, separation, application).

Eco-efficiency:

The results as impacts of individual environmental themes are not used directly as
adecision support. In that case the relation between the environmental effects must
be determined, viz. weighting of the scores.

In order to describe this process on atransparent way, different weighting proce-
dures, reflecting different starting points, have been used in order to produce a con-
clusive stage.

The results of the environmental weighting scores of a scenario are presented every
time in combination with the normalised costs figure of that scenario: The Eco-
efficiency score (a one point scorein a graph with two axes). This part of the study
isreported in part |1 of the report.

29 Critical review

This study has been critically reviewed by ateam of four experts: Mrs. H. Teulon

(Price Waterhouse Coopers), Mr. G.C. Bergsma (CE), Mr. R. Hischier (EMPA),

Mr. T. Nurrenbach (Fraunhofer Institut).

The critical review process contained the following steps.

« Distribution of the first concept report to the critical review team.

e Thecritical review team members distributed lists with questions/remarks to the
other team members, TNO and APME.

« Explanation of the questions/remarks is given during the joint meeting at
October 4™ 2000. A summary of the agreementsis sent to the others by
H. Teulon.

* TNO haslabelled the questions of each team member list and has sent the
answers to each team member how to handle the remaining questions

TNO-MEP - R 2001/119



TNO-MEP - R 2000/119

37 of 140

Based on the agreements of the 4 October 2000 meeting and the residual re-
marks of the critical review team TNO has prepared a second concept report
and has sent it to the team and APME.

During the meeting of March 20™ 2001 an agreement is reached on the final ad-
justments.

TNO incorperates these adjustments and has sent the upgraded report to the
critical review team members.

Based on this report the team members give their commentsto H. Teulon.

With respect to all comments H. Teulon has written the critical review report
agreed by the other team members; see chapter 13.
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3. Characteristics of plastic packaging waste

31 Quantities of packaging plastics

The subject of this study concerns plastic packaging waste from household sources
(MSW) and plastic packaging waste from industrial and commercial sources (IW).
With respect to the contribution of both sources the following quantities of packag-
ing plasticsin MSW and IW are considered (1):

1 kg plastic packaging (FU) :
— 0.718 kg plastic packaging from M SW
- 0.282 kg plastic packaging from | W.

3.2 Composition of packaging plastics

Composition parameters:

Statistical data of plastic type (PE/PP, PET, PV C etc.) and morphology (bottles,
films, etc) in this study are derived from the Sofres Study (1). Morphology of
packaging plasticsis presented in table 3.2.1 (MSW) and table 3.2.2 (IW).
Elemental composition of plasticsis presented in appendix Al.1. Elemental com-
position of the packaging plastic in this study is extracted from the Fraunhofer
study (ref. [3] ; table 1.1-4).

Heating values of plastics are calculated by the Boie formula. (ref.[3]; paragraph
Al-2.2.2.2)

Contaminants and water content:

The FU of this study is based on 1 kg plastics, without waste contamination and

water. During the collection of waste the plastic packaging will be contaminated

with other waste components and water.

The other waste components belong to other product systems and are not recog-

nised as a part of this system study. Water is partly descended from other waste

components (other product systems) and originates partly from climate circum-
stances, such asrain.

Only when different processes differ in relation with contaminants and water the

conseguences for comparisons have to be considered. This resultsin the following

argued assumptions:

- During collection no remarkable presence of contaminants and water is fore-
seen (assumption: There are no relevant differences between the different col-
lection systems).

— For the estimation of the needed input (the energy requirement and the utility
requirement) of separation processes the present contaminants and water are
considered. The selected separation processes are based on these aspects. Re-
garding the calculations of the environmental output of separation processes
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(emissions, residues) the influence of contaminantsis not considered (assump-
tion: There are no relevant differences).

— The preparation stage of MR, MPR and FR contains a drying process. The
specifications of the input of mechanical recycling, feedstock recycling and
mixed plastic recycling are as such that the contribution of contaminants and
water to the environmental impact is negligible.

— For the ER option MSWI the reduction of energy production because of the
presence of water isincorporated. During the cal cul ations water contents of
10 wt% and 15 wt% are included as performed in the Fraunhofer studies (3,4).
The presence of contaminantsis not assumed.

Table3.2.1 Plastic type and morphology of MSW category.

Polymer type: Morphologic fraction: w%
PE/PP Large films 21.8%
PE/PP Small films 25.3%
PE/PP Bottles 10.2%
PE/PP Other rigids 8.9%
PET Bottles 11.7%
PET Other rigids 1.4%
PS/EPS Bottles 0.6%
PS/EPS Other rigids 10.3%
PVvC Large films 1.8%
PVC Small films 2.1%
PVvC Bottles 3.5%
PVvC other rigids 2.4%
Total 100%

Table3.2.2 Plastic type and morphology of IW category.

Polymer type: Morphologic fraction: w%

PE/PP Large films 54.4%
PE/PP Small films 2.9%
PE/PP Crates & pallets 26.5%
PE/PP Rigids 10.0%
PS/EPS Rigids 6.2%
Total 100%




40 of 140 TNO-MEP - R 2001/119

4. Comparison basis

4.1 Starting pointsfor the set up of scenarios

As already described the scenarios to be compared are based on a*“ coherent” pro-
cessing of 1 kg packaging plastics, with 718 g from MSW and 282 g from IW.

All scenarios consequently are “constructed” from two routes:
- aMSW route for 718 g packaging plasticsin MSW and
- alW routefor 282 g packaging plasticsin IW.

Thefilling in of routes with state of the art processes can differ from each other.
The several routes each result in a specified recycling score (R) regarding the
amount of MR, FR and/or MPR recycling.

R = Y (MR+FR + MPR)

The recycling score R of the route is cal culated with the mass balance of the re-
garded route. The distributing parameters of the mass balance (such as response
rates, separation efficiencies) are based on practical figures and experience data.
The recycling scores R of individual routes generally don’t match exactly with the
defined recycling targets of the scenarios (table 2.2.3). In this study the scenarios
(especially with high recycling targets) consequently are constructed as a combina-
tion of anumber of supplemented routes.

In the next chapter of this report the state of the art processesto build up the routes
are described.

4.2 State of art processes

The routes contain state of the art processes for collection, separation and applica-
tion of plastic packaging waste'. The selection of the different processes has the
support of the steering group of APME.

The processes are described in detail in appendix A.2 (collection and separation
processes) and appendix A.3 (application processes).
Hereafter a short description of the different processesis presented.

L Non packaging plastic waste is excluded.
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4.2.1 Processesfor packaging plasticsin M SW

Regarding MSW the following processes for collection and separation of packag-
ing plastics are studied:

Bottle bank: This collection system only concerns bottles from households
etc. (“bring system”). The response rateislimited and is assumed to be 20% in
this study. Bottle bank collection isrestricted to PP/PE and PET type of bottles.
Plastics collected by bottle banks are relatively clean. A simple manual sorting
succeeds and after this activity the required specifications are realised. Bottle
bank collection will reduce the percentage plastic bottles in the resulting MSW.
Bottle Bank collection generally is combined with a black bag or with a grey
bag collection method for the other plastic packaging articles.

Y ellow bag collection: This collection method includes separate collection of
specific (recyclable) packaging fractions from MSW in a separate bin or bag
(yellow bag). Generally yellow bag collection includes plastic packaging, bev-
erage cartons, and metal packaging. Response rate is assumed 67% and non-
response plastics will be collected with other fractions of MSW. The collected
content of the yellow bag is manually sorted and mechanically upgraded. The
upgraded output is divided over MR (bottle fraction), MPR (films and mixed
plastics) and FR (mixed plastics). Yellow bag collection generally is combined
with ablack bag collection method for non-response plastic fractions.

Dry/wet collection: The collection of MSW occurs by atwo bin (dry/wet) sys-
tem. The wet bin contains putrescibles and organic wastes, whereas the dry bin
(grey bag) includes the resulting mixture of all other MSW fractions, including
packaging plastics and non-response putrescibles. Grey bag response rate for
packaging plastics is assumed 100% because al plastics in the wet bin are
separated and transferred to the grey bag processing. The content of the grey
bag will be mechanically separated and upgraded. The upgraded output does
not match specifications for MR. The output will be restricted for MPR, FR or
ER purposes.

Integral collection: Theintegral collected MSW in one bin (black bag) con-
tains all MSW fractions. The response rate for packaging plasticsis 100% and
packaging plastics from integral collected MSW can not be separated or up-
graded further in an economical way and have to be landfilled or incinerated
integrally.

4.2.2 Processesfor packaging plasticsin W

Regarding IW the following processes for collection and separation of packaging
plastics are studied:

Separ ate collection of W mono-streams; Some specific plastic articlesin IW
(commercial films, crates and pallets) are collected separately. These plastic
mono streams are relatively clean. Addition of arelatively smple manual sort-
ing achieves an output with the right specifications for MR.. The response rate
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is assumed to be 67% for crates and about 50% for films. Non-response pack-
aging plastics from IW have to be collected together with other IW fractions
(generally by an integral collection method).

— Separate collection of W mixed plastics: Mixed plastic articles from IW (in-
cluding non-response mono streams) are collected separately. The responseis
assumed to be about 50%. Separation and upgrading of IW mixed plastics re-
sultsin a specified output for MPR processing. Non-response mixed plastics
from IW have to be collected with the other IW fractions (generally by an inte-
gral collection method).

- Integral IW collection: Integral collected IW waste contains a mixture of all
IW fractions. Response rate is assumed to bel00%. Packaging plastics fromin-
tegral collected IW can not be upgraded further and have to be landfilled or in-
cinerated.

4.2.3 Application processes

M echanical Recycling MR

MR processes only can be applied to manual sorted plastic fractions. Application
processes include manufacturing of films, crates, pallets, thin walled products (e.g.
fertiliser bottles) to substitute products made of primary plastics.

Origin of input for these processes (as secondary granules, flakes etc.) is:

- bottle fraction of MSW by bottle bank collection and yellow bag system

— film fraction of MSW, by yellow bag system

- filmfraction of IW, by IW collection system

— cratesand pallets of IW, by IW collection system

Mixed plasticsrecycling MPR

Compared with the processes of mechanical recycling the MPR processes can be
applied to some mechanically sorted/separated fractions. Application processesin-
clude the production of thick walled products, which substitute products manufac-
tured from concrete. As aresult of the properties of the different materials the life-
time of concrete products is assumed shorter than products from recycled mixed
plastics.

The upgraded/aggregated plastic mixtures as input for concrete substitution are
derived from:

— film fractions of MSW, collected by yellow bag system

— mixed plastic fractions of MSW, by grey bag system

— mixed plastic fractions of IW, by IW collection system
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Feedstock recycling (FR)

Compared with the M(P)R processes the FR processes can be applied to mechani-

cally sorted/separated fractions or to residues from manual sorting with limited up-

grading.

In this study two different processes are studied for feedstock recycling:

1. Base FR: plastic mixtures as substitute for heavy fud oil, as areducing agent in
aBlast Furnace process.

2. Plastic mixture as feed for the Texaco Gasification process, producing syngas as
substitute for natural gas based syngas in the methanol synthesis.

High efficient energy recovery (ERnign)

ERuigh is applied to specific waste mixtures, such as plastic mixtures and sorting
residues from yellow bag system and RDF (refuse derived fuel) from grey bag sys-
tem.

Compared with the processes of mechanical or feedstock recycling the mechani-
cally sorted fractions without upgrading can be applied for ERpg,. Thermal effi-
ciency ishigh (> 70%) and conventional fossi| fuels are substituted.

In this study a coal fired cement kin is applied for ERyig, and steam coal is substi-
tuted as energy source.

Energy recovery by M SWI (ERmswi):

ERmswi is applied to waste mixtures and sorting residues. Also integral collected
waste can be incinerated in aMSWI.

MSWI installations will produce energy in the form of useful heat and electricity.
Generally ERnsyi has alimited thermal efficiency compared to ERpign, A MSWI
process has to comply with a strict flue gas cleaning standard. Flue gas cleaning
requires additional input of energy, reducing the net energy production.

In this study three typical MSWI configurations (models) are applied as ER mgwi
option. They differ from each other by flue gas cleaning efficiency and by energy
recovery efficiency.

L andfill:

Integral collected plastic packaging waste can be landfilled; the average landfill
model is based on literature data.

This mode concerns a controlled landfill, which isisolated after 15 years and will
be controlled for a period of 85 years afterwards. The biogasis partly captured and
the water effluent is purified. The calculations of the environmental consequences
of landfill concern an active time period of 100 years. For longer periods than

100 years no data are available.

Within 100 years 5% of the plastic packaging will be degraded in the landfill
(assumption). No net energy production will take place (the produced electricity
from biogasis applied on behalf of the effluent cleaning, etc).
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4.3 Overview of routes

Based on the different collection systems the following routes for MSW and W
can be distinguished:

MSW A1l Black Bag collection
A2 Bottle Bank collection (and Black Bag collection)
A3 Grey Bag collection
A4 Bottle Bank collection and Grey Bag collection
A5 Y ellow Bag collection

W Bl Integral collection
B2 Separate collection of films and rigids
B3 Separate collection of films, rigids and mixed plastics

Each of these routes has a different mechanical and feedstock recycling “potential”
(regarding the R score). The different application possibilities of the regained plas-
tic fractionsfor MR, FR or MPR purposes are dependent of the quality of collec-
tion methods and the applied sorting and separation processes (especially mixing
and contamination of the plastics output during collection, sorting and mechanical
separation plays an important role; the choice for manual or mechanical sort-
ing/separation has arelevant impact). Table 4.3.1 shows an overview of the recy-
cling potential of the different routes.

Table4.3.1 Routesin this study and their recycling potential.

Route Separation/upgrading MR MPR FR ER mswi
MSW
Al Black Bag None - X
A2 Bottle Bank Manual X - - +
A3 Grey Bag Mechanical - X X +
Ad Bottle Bank + Grey Bag Manual + mechanical X X X +
A5 Yellow Bag Manual + mechanical X X X +
W
Bl Integral None - - - X
B2 Separate collection Manual X - +
B3 Separate collection incl. Manual + mechanical X X - +
mixed plastics
X = product

+ = by-product
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Substitution factors

The products as output of the plastic processing routes vary considerably. An out-
put of plastics for bottles, fences and feedstock has to be compared with a plastics
output for energy purposes (e.g. electricity and heat).

For each of the substituted primary products the so called “ substitution” factor (S)
is defined as theratio of primary material or primary energy replaced by the pro-
duced secondary material or secondary energy source during the application proc-
esses. Substitution factors applied in this study are presented in table 4.4.1 and ex-
plained in appendix A3.

Some examples to illustrate the substitution factors are:

Substitution factor 1 for bottle recyclate means: each kg bottle recyclate substi-
tutes 1 kg virgin polymers (a mixture of 45 % PE + 15 % PVC + 40 % PET ).
Underlying assumption is that relevant technical qualifications of the bottle re-
cyclate and virgin polymers are identical.

Substitution factor 10 for mixed plastics recyclate means each kg recyclate
substitutes 10 kg concrete mix in a*“fence” application. Underlying assumption
isthat technical qualifications of recyclate result in an increase of lifetime of
the fence by afactor 4, whereas weight reduction by polymer is afactor 2%%.
Substitution factor 1,43 for coal (ERnign) means each kg RDF replaces 1,43 kg
coal input in the cement kiln (based on LHV), according [4].

Substitution factor 0,97 for oil (FR) means each kg feedstock mixture replaces
0,97 kg ail input in the blast furnace according [3].

The efficiency of the electricity production by the MSWI is 20%. Substitution
factor 1 for electricity recovery means 1 MJ electricity output is replaced by 1
MJ average grid electricity (UCPTE €electricity).

The efficiency of the heat production by the MSWI is 10%. Substitution fac-
tor 1 for heat recovery means 1 MJ MSWI heat output replaces 1 MJ average
heat generations (UCPTE heat).
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ble4.4.1 Substitution factors.

Substitution Substituted
Factor .

Primary products
ottle recyclate 1 Kg primary / kg recycled Primary PE/PVC/PET
ixed plastics recyclate 10 Kg primary / kg recycled Concrete

films 1 Kg pnmary/ kg recyded Primary PE
rates and pallets 1 Kg primary / kg recycled Primary PP
DF (cement kiln) 1.43 Kg primary / kg recycled Coal
eedstock 0.97 Kg primary / kg recycled Fuel oil (heavy, S)
lectricity output MSWI 1 MJ/ MJ electricity UCPTE electricity
eat output MSWI 1 MJ/ MJ heat UCPTE heat ?
Notes:

1) UCPTE electricity isaccording [ 18] generated from UCPTE coal power
(17.4%), UCPTE gas power (7.4 %) , UCPTE hydropower (16.4%), UCPTE
lignite power (7.8%), UCPTE nuclear power (40.3 %) and UCPTE oil power
(10.7 %) with 31 % average efficiency

2) UCPTE heat is assumed to be generated from UCPTE coal (30%), UCPTE gas
(30 %) and UCPTE oil (40%) with 90 % average thermal efficiency

4.5 Costsfigures

Costs figures are based on one tonne plastics processed (collected, separated
etc.).According to literature (2, 11) costs figuresin table 4.5.1, table 4.5.2 and ta-
ble 4.5.3 are used for calculations.

Table4.5.1 Costs data collection.

Collection process/route EURO per
tonne output

MSW Black Bag 133
Bottle Bank 330
Grey Bag 178
Yellow Bag 592

Iw Integral collection 100
Commercial film collection 60
crates & pallets collection 80
mixed commercial plastics collection 70
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Table4.5.2 Costs data of separation and upgrading processes.
Route Flow EURO per
tonne output
Bot.bank Rec. Bottles 110
Grey bag RDF low 167
Grey bag Fines 167
Grey bag Feed & mixed plastics 630
Yellow bag Rec Bottles 630
Yellow bag Mixed film 590
Yellow bag Feed 630
Yellow bag RDF (cement kiln) 565
IW collection Commercial film 105
IW collection Crates & pallets 80
IW collection Mixed plastics 65
Table4.5.3 Gate Fees of application processes.
Route Application process Gate fee V)
EURQ per
tonne input
Bottle bank MR Mechanical bottle recycling -50
Yellow bag MR Mechanical bottle recycling 0
Yellow bag MR Mechanical mixed film recycling 0
IW collection MR Mechanical PE/PP film recycling -165
IW collection MR Mechanical rigids recycling -200
IW collection MPR Fence (concrete substitution) 275
Grey bag MPR Fence (concrete substitution) 275
Yellow bag MPR Fence (concrete substitution) 275
Yellow bag FR Blast furnace (oil substitution) 250
Grey bag FR Blast furnace (oil substitution) 250
All ERnigh Cement kiln 100
All ERmswi MSWI 100
All Landf Landfill 50

1

Because the LHV values of the different plastics do not show large differences it

is assumed the benefits of FR and ER applications are more or less independent

of composition.

The “gate fees” shown in table 4.5.3 represent a combination of costs data of appli-
cation and substitution processes. The gate fee is defined as costs of application
process (per ton application) minus the benefits of the specific products subtracted.
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Some examplesto illustrate the “ gate fee” are:

— Application costs (the costs of the recycling process) for PE/PP bottle recyclate
viathe bottle bank route are about 450 Euro per tonne recyclate. Benefits are
500 Euro tonne recyclate (benefits by substituting virgin polymer). Gate feeis
calculated as 450 — 500 = -50 Euro per tonne recyclate, representing a revenue
(= net positive economical value) of 50 Euro per tonne recyclate.

- Application costs for mixed plastics in the blast furnace process (FR) are about
450 Euro per tonne mixture, whereas the benefits are 200 Euro per tonne recy-
clate (benefits by substituting 970 kg heavy fuel ail). Gate fee is about 450 —
200 = 250 Euro per tonne mixture, representing costs (= net negative economi-
cal value) of 250 Euro per tonne mixture.
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5. M ass balances

This chapter contains the results of the mass balance calculations for routes and

scenarios. A more detailed explanation of the mass balance calculationsisgivenin

appendix A.2. Recycling and recovery characteristics of routes are summarised in

table A4.1 up to Table A4.3 in appendix A4.

The starting points for the calculations are:

— For each A type route the recycling potential is calculated for 0.718 kg MSW
packaging plastics.

— For each B type route the recycling potential is calculated for 0.282 kg IW
packaging plastics.

— Themass balances of the scenarios are based on combinations of the mass
balances of the routes, for 0.282 kg IW plastics and 0.718 kg MSW plastics.

During execution of the sensitivity analysis the impact of another energy recovery
option, ERigh, 0N the mass balanceis illustrated. These calculations are explained
in appendix A.6.

51 M ass balances of routes

5.1.1 A1: Black Bag collection (M SW)

Collection:
Total MSW packaging plastics (718 g) are integral collected in mixed MSW with
the black bag collection system.

Separation and upgrading:
The black bag content is not separated or upgraded and is transported to the appli-
cation location.

Application:
The black bag collected plastics are either landfilled or incinerated in aMSWI with
energy recovery (ERmswi)-

A1l: Black Bag collection M SW, total = 71.8%
ERswi = 71.8% R=0%

TNO-MEP - R 2001/119
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5.1.2 AZ2: Bottle Bank collection (M SW)

Collection:

In MSW packaging plastics there are different types (PE/PP, PET, PS/EPS and

PV C) of bottles, according table 3.2.1. In relation with the FU of 1 kg packaging

plastics the 718 g MSW packaging plastics contain 187 g plastic bottles.

The consumers will bring a part of the non PV C type bottles to the collection point

(bottle bank). Bottle Bank collection will reduce in that way:

— The absolute amount of MSW packaging plastics to be collected integrally
with MSW fractions.

— Therelative contribution of the bottle fraction in the resulting integral collected
MSW packaging plastics.

With a bottle bank response rate of 20% for resp. PE/PP, PS and PET type bottles

about 32 g bottles are collected per functional unit. The other 686 g MSW packag-

ing plastics are collected with the integral MSW and are not separated or upgraded

but directly transported to their application.

Separation and upgrading:

The 32 g Bottle Bank bottles are manually sorted in a sorting installation. The type
sorted bottles are pressed and transported to plastic recycling installations. The
sorting efficiency of the separation step is assumed to be about 92 %. After sorting
the total amount of secondary plastics (rec. bottles) for recycling per functional unit
is 30 g whereas as sorting residues (BB res.) 2 g plastics have to be transported to
the residual MSW processing (landfill or energy recovery in the MSWI).

Application:

Recycled plastics generated by bottle bank collection/sorting (rec. bottles) will
meet quality standards for mechanical recycling (MR). Integra collected plastics
and sorting residue (BB res.) are either landfilled or incinerated with energy recov-
ery inaMSWI.

AZ2: Bottle bank collection M SW, total = 71.8%
MR = 3.0%
ERmawi = 68.8% R=3%

5.1.3 A3: Grey bag collection (M SW)

Collection:

Thetwo bin or grey bag collection includes total MSW. There is 2% of the MSW
packaging plastics in the wet compartment and 98% percent in the dry compart-
ment.
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Separation and upgrading:

Packaging plastics in the wet compartment of the grey bag system are sorted out
manually and transferred to the dry fraction processing. The mechanical separation
of the dry fraction (sieving, sifting, pulping and upgrading) resultsin the following
fractions:

= 333 g mixed plastics fraction (main flow)

=294 g plasticsin the“Low” RDF (Refuse Derived Fudl) fraction

=71 gplasticsin thefines fraction

= 16 g plastics in the residue of the upgrading

=4 ginthe paper fraction out of the pulper.

Application:

The mixed plastics fraction will meet quality standards for mixed plastics recycling
(MPR) or feedstock recycling (FR). RDF low, fines and residue of the upgrading
(UPGR res.) are either landfilled or incinerated with energy recovery in aMSWI
(adefault option).

A3: Grey bag collection M SW, total = 71.8%
MPRorFR = 33.3%
ERmewi = 385% R =33.3%

5.1.4 A4: Bottle bank combined with grey bag system (M SW)

Collection:

Consumers bring (a part) of all PE/PP and PET type bottles to the bottle bank. With
abottle bank response rate of 20% 32 g bottles per functional unit are collected and
the other 686 g MSW packaging plastics are collected by a grey bag system.

Separation and upgrading:

With a sorting efficiency of 92% the bottle bank bottles are manually sorted, by
type. About 30 g secondary plastics are sorted out and 2 g sorting residues are
transported to the residual MSW processing. The grey bin packaging plastics are
mechanically separated (sieving, sifting, pulping and upgrading) and the following
fractions are produced:

= 30g recycled bottle plastics (rec. bottles)

= 2g residue from bottle bank (BB res.)

= 327 g(main flow) mixed plastics

= 273 gplasticsinthe RDF low (Refuse Derived Fuel)

= 66 ginthefinesfraction

= 16 gintheresidue of the upgrading process

3 g inthe paper fraction from the pulper.

TNO-MEP - R 2001/119
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Application:

Recycled plastics generated after bottle bank collection will meet the quality stan-
dards for mechanical recycling (MR). The mixed plastics fraction separated out of
the grey bin fraction (feed) will meet the quality standards for mixed plastics recy-
cling (MPR) or feedstock recycling (FR). RDF low, fines and the upgrading resi-
due (UPGR res.) and bottle bank residue (BB res.) are either landfilled or incine-
rated with energy recovery in aMSWI (default option).

A4: Bottle bank plusgrey bag collection M SW, total = 71.8%

MR = 3.0%

MPRorFR = 32.7%

ERmswi = 36.1% R=3%+32.7%=35.7%

Note:

The reference scenario NOW is constructed a.o. by an adapted route A4 (AANOW)
This adapted route has a limited separation (until sifter and elimination of the pul per)
and the output is 346 g sifted “ RDF high” with destination energy recovery (ERnign)
Other plastics output fractions are 30 g recycled bottle plastics (rec. bottles), 2 g
residue from bottle bank (BB res.), 273 g plastics in the RDF low and 66 g in the fines
fraction.

5.1.5 A5: Ydlow bag collection (M SW)

Collection:

Y ellow bag collection concerns all plastic packaging wastein MSW (718 g plas-
tics). In Germany the reported yellow bag collection response rates are up to 80%.
In this study the average European response rate is assumed to be 67%. Conse-
guently 481 g of MSW packaging plastics are collected by a yellow bag system.
The rest of the (237 g) MSW packaging plastics are collected with the other MSW
components ( “non yellow bag” fractions).

Separation and upgrading:

Y ellow bag collected packaging plastics are sorted out manually from other yellow
bag recyclables (beverage cartons, metal packaging) with arelatively high separa-
tion efficiency (> 95%). Mechanical upgrading of the manual sorted fractions will
result in 115 g bottle fraction (Rec.Bottles), 104 g mixed films fraction (Mixed
film) and 241 g mixed plastics fraction (feed). The two last mentioned fractions are
agglomerated before application.

Finally about 18 g of the collected plastics is processed as aresidual fraction (Sort-
ing res.) whereas also the metal packaging fraction is assumed to contain some
plastics (4 g). The 237 g packaging plasticsin integral collected MSW are not
separated or upgraded.
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Application:

The generated bottle fraction from the yellow bag system (Rec. Bottles) will meet
the quality standards for mechanical recycling (MR). Generaly the mixed films
fraction (Mixed fim) is directed to MPR application and the mixed plastics fraction
(feed) meets the targets for FR purposes. Integral collected plastics (MSW residual)
are either landfilled or incinerated with energy recovery in a MSWI.

A5: Yellow bag collection M SW, total = 71.8%

MR = 11.5%

MPR = 10.4%

FR = 24.1%

ERmawi = 25.8% R=11.5% + 10.4% + 24.1% = 46%

5.1.6 B1: Integral collection (IW)

Collection:
Total IW packaging plastics (282 g) are integral collected with other IW fractions.

Separation and upgrading:
Theintegral collected IW packaging plastics are not separated or upgraded but
transported to application location.

Application:
Integral collected IW packaging plastics are either landfilled or incinerated in a
MSWI with energy recovery.

B1: Integral collection IW, total = 28.2%
ERmswi = 28.2% R=0%

5.1.7 B2: Separate collection of commercial filmsand rigids (IW)

Collection:

282 g IW packaging plastics contain about 162 g PE/PP films and about 75 g
valuable rigids (crates and pallets). Separate collection of filmsand valuable rigids
in the European area occurs with the assumed response rates of 52% resp. 67%.
Out of the total amount of 282 g IW packaging plastics about 84 g films and 50 g
valuable rigids are collected separately for separation and mechanical recycling
purposes. The resulting 149 g IW packaging plastics are integral collected with
other IW fractions.
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Separation and upgrading:

Separately collected 84 g films and 50 g rigids are manually sorted in a sorting in-
stallation followed by regranulation. The total efficiency of sorting and upgrading
is assumed to be 90%. Recycled secondary plastics are 75 g from films (IND films)
and 45 g from rigids (IND rigids).

Separation residue (sep.res.) isintended for MSWI or landfill.

Theresidua integral collected 148 g IW packaging plastics are not separated and
with the other W waste fractions transported to their application.

Application:

The recyclable films can be applied for the production of commercial films where-
as the recycled PE/PP rigids can be directed to commercial crate and pallet produc-
tion. Integral collected plastics are either landfilled or incinerated with energy
recovery inaMSWI.

B2: separate collection of films+ rigids  |W, total = 28.2%
MR = 12.0%
ERmswi = 16.2% R=12%

5.1.8 B3: Maximal separate collection of commercial plastics (IW)

Collection:

Next to recycled commercial films and valuablerigids (crates and pallets) the IW
plastics fraction has an additional potential for source separate collection of mixed
plastics (PE/PP). In this study it is assumed that next to the collection of 84 g films
and 50 g rigids an additional amount of 74 g IW mixed plastics is separately col-
lected for mixed plastics (MPR) purposes.

Separation and upgrading:

Separately collected 84 g films and 50 g valuable rigids are sorted manually where-
as 74 g mixed plastics are separated mechanically. The total amounts of regene-
rated secondary plastics are 75 g from commercial films, 45 g from rigids and

67 gram mixed plastics.

Theintegral collected IW packaging plastics (74 g) are not separated.

Application:

The recyclable films can be applied for the production of commercial films where-
astherecycled rigids are directed to commercial crate or pallet production. Mixed
plastics are directed to MPR applications.

Integral collected plastics are either landfilled or incinerated with energy recovery
inaMSWI.
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B3: Maximal separate collection IW, total = 28.2%
(films, rigids and mixed plastics)
MR = 12.0%
MPR = 6.7%
ERmswi = 95% R=120%+6,7%=18.7%

52 Scenarios

For each scenario at least one route of the processing of packaging plasticsin
MSW has to be combined with at |east one route of the processing of packaging
plasticsin IW (100 % MSW and 100% IW).

5.2.1 Referencescenarios
The reference scenario landfill consists of route Al (black bag) for packaging plas-

ticsin MSW and route B1 (integral collection) for IW packaging plastics. The
application MSWI is substituted by the application landfill.

Reference scenario L andfill

M SwW
- 100% of route A1 with landfill instead of ERmsui

W
— 100% of route B1 with landfill instead of ERngwi

The reference scenario NOW consists of combinations of routes, as well as for
MSW as for IW packaging plastics. The application MSWI is for the main part
substituted by the application landfill. The set up of the NOW scenario isthe fol-
lowing:
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Refer ence scenario NOW

M SW
56.0% of route A1 with landfill instead of ER i
20.0% of route A2 with landfill instead of ER gy
5.75% of route A2 with ERyiswi
5.75% of route A4 with ERyg, instead of MR and MPR and ER i for re-
sidua flows
12.5% of route A5 with ERyswi

AW

—  31.0% of route B1 with landfill instead of ER g
- 45.0% of route B2 with landfill instead of ER gy
- 24.0% of route B2 with ERuswi

5.2.2 Recycling scenarios

For the procedure of building the scenarios, see 2.2.3.

The starting point for the construction of the recycling scenarios |, II, [l and IV is
theinclusion of at |least route B2. The separate collection and processing of com-
mercial filmsand rigids out of IW isfrom the economic point of view the preferred
MR option. A further increase in recycling will be realised by a combination of
routes for MSW packaging plastics as well as route B3 for IW packaging plastics.

To match exactly the recycling figures of the scenarios as presented in table 2.2.3
some output flows of the described routesin 5.2.1. are shifted. Some MR is redi-
rected to FR or MPR, whereas some FR is redirected to MPR All routes and recy-
cling figures are presented in appendix A4, intable A4.1 up to A4.3.

Scenario |

(15% MR and 85% ERnsi)

When route B2 is combined with route A2 (for MSW) the targets 15% MR and
85% ERMS\M areredised.

Scenariol (= R15)

M SW
— 100% of route A2

W
- 100% of route B2
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Scenarios |, 111 and 1V are built up as an extension of the so-called “base” scenario
|, regarding the recycling level. Mostly the increase of recycling is realised by the
packaging plastics recycling out of MSW. The distinguishing principle then isthe
source collection viaa yellow bag system or a grey bag system.

A: Increasing recycling of MSW by Yellow Bag collection:

Scenario |1, yellow bag system

(15% MR, 10% FR and 75% ERmsyi)

A bottle bank system is not needed when a yellow bag collection system is se-
lected. The aim of the application of this systemisto collect all MSW packaging
plastics, bottlesinclusive. In that case the realisation of 15% MR is a combination
of route A5 (3% MR) and route B2 (12% MR).

Route A5 has arecycling potential of 11.5% for MR and 34.5% for FR + MPR. To
realise 3% MR only asmall part (3%/11.5%= 26.1%) of route A5 fulfilsthisaim.
At the sametime 26.1% * 34.5% = 9% FR is realised with the application of route
A5, whereas 10 % FR isthe criterium. Route A5 is shifted to ASR25y with 10.8%
MR and 35.2 % FR. In that case 28.3 % of route ASR25y realises 3 % MR and 10
% FR. By the application of route A1 the rest of the MSW packaging plastics are
processed (100% - 28.3= 71.7%).

Scenarioll, yellow bag system (= R25y)

M SW
— 28.3% of route A5 (shifted to ASR25y)
- 71.7% of route Al

W
- 100% of route B2

Scenariolll, yellow bag system

(15% MR, 10% FR, 10% M PR and 35% ER i)

Route A5 has apotential of 11.5% for MR and a potential of 34.5 % for FR/MPR.
The target 20% FR + MPR could be realised by the application of 20/34.5 = 58.0%
of route A5, which is combined with 58/100* 11.5% = 6.7 % MR. A shift of route
A5to A5R35y (5.5 % MR - 5,5% FR/MPR) resultsin 6 % MR, 20.2% MPR,
20.2% FR and 49.5% of route ASR35y satisfies the required targets. By the appli-
cation of route A1l the rest of the MSW packaging plastics are processed (100% -
49.5= 50.5%).
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Scenariolll, yellow bag system (= R35y)

M SW
- 50.5% of route A1
- 49.5% of route A5 (shifted to ASR35y)

W
- 100% of route B2

Scenario |V, yellow bag system

(15% MR, 15% FR, 20% M PR and 50% ERmsyi)

Route A5 has arecycling potential of 34.5% for FR + MPR. This means that for
the realisation of the target 35% FR + M PR the application of route A5 is not suffi-
cient. But the shift of route A5 to ASR50y (for instance with 7,9 % MR - 7,9 %
MPR) increases the FR + MPR potential. Route ASR50y has 3.6% MR, 24.4%
MPR and 18.2% FR.. With 82.2% application of route ASR50y the targets of sce-
nario IV will be satisfied. The resulting 17.8% (= 100% - 82.2%) of the MSW
packaging plastics are processed viaroute Al.

Scenario 1V, yellow bag system ( = R50y)

M SW
- 82.2% of route A5 (shifted to ASR50y)
- 17.8% of route Al

W
- 100% of route B2

B: Increasing recycling of M SW by Grey Bag collection:

Scenarioll, grey bag system

(15% MR, 10% FR and 75 % ERyswi)

Route A4 with R =35.7% has a MR potential of 3% and a potential of 32.7% for
FR and/or MPR. On behalf of the realisation of the 10% FR target of scenario Il a
part of 10/32.7 = 30.6% of route A4 satisfies. Route A2 with R = 3% has also a
potential of 3% MR out of MSW and so the residual 69.4 % (= 100% - 30.6%) col -
lection of MSW is contributed viaroute A2.
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Scenarioll, grey bag system (= R259)

M SW
- 30.6% of route A4
- 69.4% of route A2

W
- 100% of route B2

Scenariolll, grey bag system

(15% MR, 10% MPR, 10% FR and 65% ERmnswi)

On behalf of the realisation of the 10% FR and 10% MPR targets a part of 20/32.7
= 61.2% of route A4 satisfies. Route A4 is shifted to A4R35g with 16.35% MPR
and 16.35% FR. An additional contribution of 38.8% of route A2 fulfils the 3%

MR target for MSW packaging plastics.

Scenariolll, grey bag system (= R35g)

M SwW
- 61.2% of route A4 (shifted to A4R350)
- 38.8% of route A2

W
- 100% of route B2

Scenario |V, grey bag system

(15% MR, 20% M PR, 15% FR and 50% ERmnswi)

Route A4 with arecycling potential of 32,7% cannot realise the combined targets
15% FR and 20% MPR without additiona effort. In combination with route B2
route A4 shows alack of 2.3% for FR + MPR (= 35% -32.7%). Route A4 is shifted
to A4R50g with 15% FR and 17.7% MPR. Combination of A4R50g with route B3
will result in an additional FR + MPR potential of 6.7%. To realise the FR + MPR
target of scenario IV consequently 34.3% (= 2,3/6.7) of route B3 has to be incorpo-
rated. Application of 65.7% of route B2 realises the complete picture of scenario
V.
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Scenario 1V, grey bag system (= R50g)

M SW
— 100% of route A4 (shifted to A4R50g)

W
-  65.7 % of route B2
- 34.3% of route B3
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6. I nventory

6.1 Inventory of environmental data

6.1.1 Inventory items

The basis for the environmental inventory analysis of the scenariosisan in-
put/output analysis of all foreground processes (the individual collection, separa-
tion and application processes). Regarding the input/output items of foreground
processes the foll owing aspects can be distinguished:

1. Input of or output to other foreground processes

2. Input of or output to background processes

3. Environment items (emissions, waste, depletions)

The overview of input/output items for foreground process is shown in the (quanti-
tative) process descriptions presented in appendix A.2 and A.3 of this report.

The datarelated to items as electricity consumption, transports, input of auxiliaries
or substituted primary plastics give an indication to which degree background
processes are linked to the foreground processes.

Thefinal inventory step includes a summary of all material and energy flows
across the boundary of the systems under study, that are emissions to water and air,
depletions of environmental resources and environmental |oads by final waste de-
posits. In this context every link to background processes is translated to environ-
mental items with the help of a background database. Every link has some addi-
tional environmental load or some additional environmental benefit for the ob-
served route.

As a conseguence the choice of the background database is an important aspect of
the environmental analysis. Background processes in this study are derived from
the APME database (17), in the case of primary plastics production and from the
BUWAL 250 database (18), in the case of production of fuels, energy conversion
and transport processes.

Appendix A.5 gives an overview of all background processes used in this study and
the corresponding background data.

Appendix B.1 gives adetailed list of al inventory items derived from foreground
and/or background processes.
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6.1.2 Remarks concerning theinventory items

The data of the foreground processes are related to the time period as mentioned in
chapter 2.3. In genera it concerns the data of the period 1990-1999.

An exception hasto be made for landfill. The landfill application generates emis-
sions during atime period of 100 years after the dumping of plastic wastes (system
boundary landfill: see appendix A.3).

Special attention is given to the completeness of the datain this study:

— Foreground data and their references are summarised in the appendices A.2,
A.3 and A.6 of thisreport. Some specific data of foreground processes are
missing, because of the incompleteness of the literature sources. For instance
the water emissions caused by cleaning of the plastics for MR. The conse-
guences of these missing data are margina as far as known.

- For the background processes for transport, fuel and energy production the
process data from BUWAL 250 are used (18). For the production of primary
plastics the published data of APME (17) are used. Because BUWAL 250 also
incorporates these APME data most background processes in this study corre-
spond with those described in the BUWAL 250 study.”

Background processes are reported in appendix A.5.

Remark:

In the BUWAL 250 study only aggregated data of energy conversion processes are
reported. The corresponding so-called “ precombustion” data for fuels (natural gas,
oil and coal) are not reported. TNO has recal culated the fuel data (see appendix
A.5) with the information given by the reference mentioned in the BUWAL 250
study.

6.1.3 Classification of inventory items

Life cycleimpact assessment is performed as described in chapter 2.6. The classifi-
cation of inventory items result in scores of 9 impact categories and 3 specia cate-
gories of environmental aspects (see table 2.6)

6.2 Inventory of costs data

The basis for conducting a costs inventory of the scenarios and routes is a costs

calculation for individual (state of the art) processes. Per route and per scenario
these costs are summarised (appendix B3 and B4).

D" For the production of primary plastics the BUWAL 250 data are not applied, but
the original APME data. This inconsistency is of minor relevance, because all re-
cycling scenarios include an amount of 15% MR (substitution of primary plas-
tics), so possibly differences between scenarios are leveled out.
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Figures 6.2.1aand 6.2.1b show the results of the costs inventory of the different

scenarios. The scenarios with an increasing R illustrate an increase in costs, which

are only partly compensated by an increase in benefits. Furthermore the following
remarks can be made:

— Thecollection costs obviously increase with increasing R, especialy for the
yellow bag scenarios.

— The costs of separation and application increase with increasing R. Regarding
these activities the yellow bag scenarios as well as the grey bag scenarios show
comparable costs.

— Scenarios R50 and R35 do not show more economical value being created by
substitution compared to scenario R25, despite substantial extra costs beingin-
volved; both the yellow bag scenarios as the grey bag scenarios show this phe-
nomenon.

The costs difference between comparable grey bag and yellow bag scenariosis
caused by differencesin collection costs. Application of mixed plastics as concrete
substitute does not result in an increase of the benefits compared with the benefits
of energy use of waste incineration.

TNO-MEP - R 2001/119



65 of 140

TNO-MEP - R 2000/119

E] substitution

N application
separation
[ collection

0.90

T
o (=} ) =} I} =}
~ © < ™ - o
=} o <} =} =} o

(onserd 6 /01n3) €101 S1S0D

landf NOW R15 R25y R35y R50y R25g R35g R50g

scenario

Results costs inventory : contribution per step.

Figure6.2.1a

o
]
o

T T
n o o o n o

™~ © S %] = <
=) o =) (=] o <)

(onse|d 63 /01ng) [101S1SOD

)
e
o

landf NOW R15 R25y R35y R50y R25g R35g R50g

scenario

Results costs inventory : total (complete system)

Figure6.2.1b



66 of 140

1. I mpact assessment

The estimation of the environmental |oad of each of the classified impact catego-
ries (characterisation) will be carried out starting from the list of inventory items of
the scenarios (chapter 6). The characterisation factors are described in appendix
B.2.

In order to discuss the results the separate scenarios are compared with each other
per impact whereas the scores of the scenarios are divided in:

A. Collection: impacts from collection,

B. Separation: impacts from separation and upgrading

C. Application: impacts from application processes

D. Substitution: impacts as a consequence of the substitution of products.

The compl ete results of al scenario options (inclusive the calculated optionsas a
part of the sensitivity analysis) are listed in appendix B.5.

An overview of the results of the environmental effects EDP, GWP, POCP, AP,
and the environmental aspects FW, TW and ENER are reported in this chapter.
After normalisation these items have the greatest contribution to the environmental
load (chapter 8).
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Figure7.1  Environmental impact assessment:
Characterisation EDP (depletion fuel resources).

Except landfill all scenarios contribute to the net decrease of the EDP load. This
decrease in EDP load for these scenarios is mainly caused by the substitution step,
because of the substitution of energy and materials. It isremarkable that starting
with R25 the EDP saving decreases to some extent with increasing R value. Two
reasons can be given:

— Theincrease of the content MPR looking at R35 and R50 together with a de-
crease of ERneyi does not result in more energy saving than the amount realised
by the incineration of packaging plastics.

— Inthe case of MPR for R35 and R50 most of the extra saved energy source
compared to R25 is coal (regarding MPR and the cement kiln for concrete pro-
duction). Because of the enormous stocks the saving of coal hardly reduces the
EDP load. R25 has a greater EDP reduction by the greater share in application
of aMSWI, because in that case the saving of the relatively scarce sources oil
and gas occurs.

Figure 7.1 shows that with an increase of the R value the net EDP saving decreases
because of the increase of the separation step EDP load. Thisincreaseis greater for
the grey bag scenarios than for the yellow bag scenarios. The extensive mechanical
separation, as part of the grey bag system, is the cause for the higher energy con-
sumption.
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Figure7.2  Environmental impact assessment:
Characterisation ENER (primary energy requirement).

Comparable with EDP also for ENER areduction of the environmental load exist
for al scenarios except landfill. Substitution of primary products causes the saving
of energy, regarding the processes of the scenarios.

Starting with R25 an increase of the R value does not result in a decrease of ENER
for the application step. The reason for this difference compared with EDP

(figure 7.1) isthat scarcity of energy sourcesis not incorporated for judgement of
ENER.

Figure 7.2 shows for increasing R values an increase of ENER for the separation
step. Thisincrease is greater for the grey bag scenarios than for the yellow bag sce-
narios (comparable with EDP). The contribution of the separation step causes a
small decrease of the total ENER saving, starting from R25, when the R value in-
Ccreases.
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Figure7.3  Environmental impact assessment:
Characterisation GWP (global warming potential).

The picture for GWP shows an increase of the environmental load for all the sce-
narios. The application step causes this notable increase. For landfill the amount of
CO; (and also CH,) emissionsisrelatively small, because during the considered
period of landfill only avery small part of the plastics (5%) is degraded.

Regarding the separation step figure 7.3 shows the GWP load slowly increases
with higher R value. This enlargement is greater for the grey bag scenarios than for
the yellow bag scenarios. Also this aspect has to be related to the increase of the
energy consumption (gives more CO, emissions), because of the application of
mechanical separation in the case of the grey bag system.

Regarding the application step and starting with R15 an increase of R value (de-
crease of ERmeyi) Will decrease the GWP load. In other words the introduction of
MPR and FR achieves an obvious reduction of GWP, because the extent of MSW
incineration is lowered.

Regarding all scenarios the CO, emissions devel oped during collection, separation
and especially application are not compensated by the saved CO, emissions of sub-
stitution. Starting with R15 an increase of R value (decrease of ERmgyi) resultsin
some decrease of the GWP load.
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Figure7.4  Environmental impact assessment:
Characterisation POCP (photochemical smog potential).

Except landfill all the scenarios generate a net reduction of the environmental load
regarding POCP. The substitution of primary products resultsin areduction of
POCP. The reduced POCP load can be related to a decrease of the hydrocarbon
emissions, which arise during the production of primary monomers and plastics as
well as during the production of feedstock and fuels (refineries, exploration and
mining).

For dl the scenarios the collection obviously contribute to the POCP load. This
contribution can be correlated to the hydrocarbon emissions generated during
transport (exhaust gas) and during the production of transport fuel (diesel).

Figure 7.4 shows the POCP load for collection will be higher in the case of the yel-
low bag system compared with the grey bag system; the difference in transport dis-
tances is the reason for that (see appendix A.2).

Figure 7.4 shows also that the increase of POCP saving with increasing R valueis
caused by the substitution of ERmsyi by MR and FR. Comparison of R25 with R35
illustrates that replacement of ERmsi by MPR resultsin no extra POCP savings.
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Figure7.5 Environmental impact assessment:
Characterisation AP (acidification potential).

The AP picture is comparable with the POCP one. Except for landfill all scenarios
achieve areduction of the AP environmental load. The substitution of primary
productsis the reason for this. The (avoided) AP load has to be related to the SO,
and NO, emissions; these emissions arise during the production of primary plastics
and during the production of feedstock and fuels (refineries, exploration and min-
ing).

Figure 7.5 shows that the avoided AP load (substitution step) does not increase
with rising R value of the sequential scenarios. The increase of R because of the
replacement of ERmsi by MR and FR does not result in a extrareduction of the AP
load.

All the scenarios demonstrate an obvious contribution of the collection step to AP.
Thisisoriginated by the NO, emissions during transport (exhaust gas) and by the
SO, emissions during the production of the transport fuel (diesel).
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Figure7.6  Environmental impact assessment:
Characterisation FW (final waste).

In comparison with the preceding figures 7.1 up to 7.5 inclusive FW in figure 7.6
shows a discriminative picture.

Regarding the scenarios it appears that the FW load is generated by the application
step! Especially the both reference scenarios with landfill (landfill and NOW) re-
sult in aconsiderable FW load. The FW load of the residual scenariosisrelatively
small. For instance the incineration of the packaging plastics leadsto a small con-
tribution to the FW load by the small amount of bottom ashes.

Also the avoided FW load el sewhere (substitution step) because of the substitution
of primary productsis relatively small (seefigure 7.6). It is assumed that the
avoided coal mining waste as result of the partial substitution of coal winning is not
interpreted (classified) as FW load. The assumption not classifying coal mining
waste isin agreement with starting points of other LCA studies (such as (5)).
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Figure7.7 Environmental impact assessment:
Characterisation TW (final specific waste).

Aswith the FW load (figure 7.6) to alarge extent also the TW load appears to
come from the application step. Contrary to the FW load the TW load is not gener-
ated by landfill, but by the application of the MSWI. The MSWI creates flue gas
cleaning residues and to lesser extent fly ash with a contribution to TW. Especially
the incineration of plastics with ahigh ClI content (PVC) resultsin a obvious TW
load.

Scenarios with an increasing R value show a decrease of the TW load. A reduction
of the share of ERsi iSthe reason for this. With increasing R a bigger part of PVC
isprocessed in MR and FR operations.

Comparison of the yellow bag systems with the grey bag systems |leads to the con-
clusion that the grey bag systems generate a slightly higher TW load. The separa-
tion step of the grey bag systems resultsin a concentration of the PV C plastics (es-
pecialy bottles) in specific fractions (“fines” and “low RDF"),which are processed
inaMSWI. Application of yellow bag systems achieves feeds for MR, MPR and
FR operations with a greater Cl content; compared with grey bag systems less Cl
containing plastics are then incinerated.

Regarding R35 and R50 also the contribution of the application step to TW is
originated by MSWI. MPR substitution generates plastic products (e.g. fences, asa
substitute for concrete), which areincinerated in a MSWI after discarding to an ex-
tent of 50%. The resulting flue gas cleaning residues are indicated as an extra TW
load for substitution in figure 7.7.
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Figure7.8 Environmental impact assessment:
Characterisation AETP (aquatic ecotoxicity potential).

Roughly the comparison of the AETP load of the different scenarios agrees with
that of the AP load (figure 7.5). Except landfill all scenarios achieve areduction of
the net AETP load. The substitution of primary products leads to this AETP saving.
Especially the background processes play an important role in this case. The
(avoided) AETP load appears to be reduced to the (avoidance of the) load of heavy
metal emissions (especially nickel). Aswell as the mining emissions to water (es-
pecialy for the oil and coal winning) asthe emissionsto air (for the sequential en-
ergy conversion) play an important role regarding this environmental aspect.

Compared with MR and FR, ERsyi SUbstitutes background processes with more
heavy metal emissions; that iswhy increasing R results in a decrease of avoided
AETP. The energy consumption (electricity) of the separation and application steps
cause an increase in AETP when the R value increases; more of these activities are
applied when more R is activated. Also this phenomenon can be related to more
application of the already mentioned background processes.
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8. Evaluation

The relative environmental load (normalised impacts) is calculated from the abso-
lute environmental |oad (characterised impacts, chapter 7) with the help of nor-
malisation factors (reference framework is Europe). The applied normalisation fac-
tors are described in chapter 2.7 (table 2.7).

The normalisation results are presented in two ways, in the form of detailed “bar
charts” in chapter 8.1 and in the form of bar charts in chapter 8.2. Chapters 8.3 and
8.4 describe the results of respectively the dominance analysis and the sensitivity
analysis. The sensitivity analysisis only performed on the environmental aspects
and not on the costs.

8.1 Normalised Environmental | mpacts

The normalised results of the aspects EDP, GWP, POCP, AP, FW, TW, ENER and
AETP are separately given in the figures 8.1.1 up to figure 8.1.8 inclusive. For &l
the scenarios these aspects in normalised form relatively give the greatest contribu-
tion to the environmental load. In figure 8.1.1 up to figure 8.1.8 inclusive the fol -
lowing differentiation of each scenario is made (comparable with theillustration of
the “bar charts” in chapter 7):

— collection processes

—  separation processes

— application processes

— conseguences of the substituted (avoided) processes

The scale size of the axesin figure 8.1.1 up to figure 8.1.8 inclusive are all compa-
rable. The mutual comparison shows that for all scenarios especialy FW and TW
have the greatest relative contribution to the environmental load. The contribution
of the scenariosto AETP. AP, EDP, ENER and POCP is mainly realised by the
substituted processes. Application processes dominate the contribution to FW, TW
and GWP for all scenarios. Collection and separation have arelatively small con-
tribution to the environmental load; this remark was already made during the ex-
planation of the characterised impacts (chapter 7).

In figure 8.1.1 up to figure 8.1.8 also the net contribution (of the total system; the
different stages are added) to the specific environmental themes areillustrated.
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Environmental impact assessment:
Normalised Fuel depletion (EDP) per step.
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Environmental impact assessment:
Normalised Fuel depletion (EDP), total.
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Figure8.1.2a  Environmental impact assessment:
Normalised energy requirement (ENER) per step.
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Figure8.1.2b  Environmental impact assessment:
Normalised energy requirement (ENER), total.
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Environmental impact assessment:
Normalised global warming potential (GWP) per step.
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Environmental impact assessment:
Normalised global warming potential (GWP), total
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Environmental impact assessment:
Normalised photochemical smog forming potential (POCP) per step
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Environmental impact assessment:
Normalised photochemical smog forming potential (POCP), total.
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Figure8.1.5a  Environmental impact assessment:
Normalised acidification potential (AP) per step.
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Figure8.1.5b  Environmental impact assessment:
Normalised acidification potential (AP), total.
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Environmental impact assessment:
Normalised final waste (FW) per step.
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Environmental impact assessment:
Normalised final waste (FW), total.
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Environmental impact assessment:
Normalised aquatic ecotoxicity potential (AETP) per step.
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Environmental impact assessment:
Normalised aquatic ecotoxicity potential (AETP), total.
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8.2 Integral normalised results

Separate normalised impacts can be presented integral (in one single graph). As
example figure 8.2.1 presentsin “one graph” combined normalised impacts of the
base case scenarios of this study (yellow bag scenarios R25y, R35y and R50y to-
gether with scenario R15 and the both reference scenarios landfill and NOW).

For integral presentation of the normalised impacts of scenariosin this study this
integral form is applied.
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Figure8.2.1 Environmental impact assessment: Normalised scores of landf, NOW,
R15, R25y, R35y and R50y
(scenarios I, 11 and IV; collection with the yellow bag).

Figure 8.2.2 illustrates the normalised scores of the scenarios R25g, R35g, R50g
and of the both reference scenarios (landfill and NOW) and scenario R15.

Both yellow bag scenario (figure 8.2.1) and grey bag scenario (figure 8.2.2) show
FW and TW loads have arelatively important part of the European impact. Also
the AETP, EDP, ENER, GW, POCP and AP loads have arelevant part of thisinte-
gral environmental impact.
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Environmental impact assessment: Normalised scores of landf, NOW, R15, R35g and R50g (scenarios
I, 111 and 1V; collection by grey bag).

8.3 Dominance analysis

In order to evaluate the results of the environmental impact assessment of this
study a (brief) dominance analysisis carried out to examine the effects of indivi-
dual system sections on the results of the calculations.

The results of the dominance analysis set the priorities for the sensitivity analysis.
The objectiveis to identify those steps in the scenarios, which have a significant
influence when the specifications or parameter values are varied.

The dominance analysis still uses a sort of weighting by the application of specific
normalisation factors. The application of a different set of factors can result in
other conclusions with regard to the dominating environmental themese (see 8.4.4).

The contribution of the several steps (collection, sorting and preparation, applica-

tion and substitution) of the system to the separate environmental aspectsis aready

presented in the figures 8.1.1 up to 8.1.8 inclusive. The conclusions are;

— Theenvironmenta aspects FW, TW followed by EDP, ENER, GWP, POCP,
AP and AETP have arelatively important impact.

— The contribution of the collection step and separation step to the already men-
tioned aspectsis small regarding all scenarios.
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— Thecontribution to AETP, AP, EDP, ENER and POCP is especialy realised
by the substituted processes.
— Thecontribution to FW, TW and GWP is mainly caused by the application

step.

An assumption regarding the figures 8.1.1 up to 8.1.8 inclusive is the validity of the
normalisation factors used. As explained in appendix C.2 there exists some uncer-
tainty about the normalisation factors, especially the factors for the themes FW,
TW and AETP can have arelevant influence.

The sensitivity of the results of the LCA study in relation to the choice of the value
of the normalisation factorsis an item, which will beillustrated in par. 8.4.4 and
will be further explained in part 11 of this report (Eco-efficiency model). The sensi-
tivity analysisin chapter 8.4 isrelated to relevant selections of the substituted proc-
esses and application processes.

8.4 Sensitivity analyses

8.4.1 Energy recovery by a combination of M SWI and cement kiln

Considering the definition of the scenarios (chapter 2.2.3) it isindicated that the
option of energy recovery is not limited to the MSWI application (ERmai). Energy
recovery can also be realised in a cement kiln (ERpg,), with an additional greater
conversion efficiency. That is why that during the start of this study alternatives
(subvariants) for the scenarios R35 and R50 are defined:

- R35yHE contains 35% R, 32¥%% ERms,i and 32%2% ERpign

- R50yHE contains 50% R, 25% ERsyi and 25% ERYyign

During calculation of the mass balances of these subvariants it appears not to be
possible to realise the mentioned targets with the yellow bag and grey bag collec-
tion systems, including corresponding response rates and the sequential sort-
ing/separation processes with certain separation efficiencies. The separation effi-
ciency of the upgrading process after grey bag collection isinsufficient for realisa-
tion of the mentioned target for ERpg, Y ellow bag collection (for MSW packaging
plastics) combined with route B3 (for IW packaging plastics) results in the follow-
ing scores:

- R35yHE with 35% R and 65% ER by 33.8% ERys,i and 31.2% ERyign

- R50yHEwith 50% R and 50% ER by 33.8% ERysi and 16.2% ERign

The environmental load of the new alternatives R35yHE and R50yHE is calculated
in the sensitivity analysis and the normalised results are condensed in figure 8.4.1
(yellow bag system) and compared with the results of the base case; figure 8.2.1.
The participation of ERyighin both R35y and R50y has especially (positive) conse-
guences for TW and AETP (comparison with figure 8.2.1).
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- Because of the participation of ERyig, the quantity of packaging plasticsin the
MSWI will be reduced and consequently also the quantity of flue gas cleaning
residue will decrease. That iswhy the TW impact of the scenarios R35y and
R50y will decrease.

- Because of the application of ERyig, (the processing of plasticsin a cement
kiln) coal is substituted in a conventional cement kiln process. The avoided
coal mining has important consequences for the AETP impact. The processing
of packaging plastics by means of ERyign has a notable influence on reduction
of the AETP load, compared with the incineration of plasticsinaMSWI.

Of course the application of the scenarios R35yHE and R50yHE has costs conse-
quences. These consequences will be explained in part 11 of thisreport (Eco-
efficiency modd!).

TNO-MEP - R 2001/119
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Figure8.2.1 Environmental impact assessment: Normalised scores of landf, NOW, R15,
R25y, R35y and R50y
(scenarios I, 11 and 1V; callection with the yellow bag).
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Figure8.4.1 Normalised environmental impacts yellow bag routes:

Energy recovery by MSWI (ER = ER,i) compared with energy recovery by
a combination of MSWM and cement kiln
(ER= ERmnsii + ERnign)-
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8.4.2 Energy recovery by a M SWI with 65% heat recovery

The energy yield of the MSWI (ERmsi) IS @n important starting point of the calcu-
lations. In practice the energy output and sequentially the energy consumption can
differ enormously per installation. Also the flue gas cleaning of the MSWI can dif-
fer per installation. With the help of a sensitivity analysis the consequences of a
changing energy yield have been studied.

The assumption that the flue gas cleaning meets the Dutch standards during the
processing of the packaging plasticsin a MSWI is the base starting point for the
calculations. Furthermore the MSWI produces both electricity and heat (to be used
for district heating and/or industrial purposes). This energy yield corresponds with
the production of a Dutch average MSWI, which means an output of 0.2 MJ elec-
tricity and 0.1 MJ heat per MJ (LHV) input. The energy conversion efficiency of
the MSWI increases when only heat is generated. Several MSWI installations gen-
erate more than 0.65 MJ heat per MJ (LHV) input.

A yield of 0.65 MJ heat per MJ (LHV) input is the starting point for the sensitivity

analysis of the scenarios R15, R25y, R35y and R50y. In this case the flue gas

cleaning meets the (less severe) German flue gas standards.

With the described adjustment the environmental load of the scenarios R15, R25y,

R35y and R50y is calculated and the normalised results areillustrated in figure

8.4.2 (yellow bag system) and compared with the base case results (figure 8.2.1).

Especially the changed energy recovery of the MSWI has consegquences for the en-

vironmental impacts and particularly for AP, AETP and EDP (comparison with

figure 8.2.1):

— Thegreater heat recovery of the MSWI results in aremarkable saving of con-
ventional heat from coal and oil. The winning and combustion of these fuels
deliver arelatively great contribution to AP and AETP, and a strong reduction
will take place when “ERsy = heat” is selected.

— Heat produced by the MSWI resultsin agreater saving of coa than those of
el ectricity production (based on BUWA L 250 database). However production
of electricity by aMSWI resultsin a saving of relatively scarce fuels such as
gas and nuclear fuel. Coal is not a scarce resource. For this reason the EDP
saving for “ERmsyi = heat + electricity” isto abigger extent than for “ERmgyi =
heat” (particularly in the case of R15).

TNO-MEP - R 2001/119
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Figure8.2.1 Environmental impact assessment: Normalised scores of landf, NOW, R15,
R25y, R35y and R50y
(scenarios I, 11 and 1V; callection with the yellow bag).
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Normalised environmental impacts yellow bag routes:

Electricity and heat recovery by MSW (ERsy = heat + dectricity)
compared with maximal heat recovery by MSM

(ERyewi = heat).
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8.4.3 Feedstock recycling by the Texaco gasification process

The feedstock recycling (FR) target of scenarios 11, 111 and IV isrealised by proc-
essing mixed plastics fractions from grey bag or yellow bag routes. In the base cal-
culations these mixed plastics are processed in a blast furnace, as a substitute of the
normal reducing agent, heavy ail.

In the sensitivity analysis FR mixed plastics fractions are processed as feedstock in
the Texaco gasification plant. Gasification of plasticsin the Texaco process, with
additional H, supply, produces syngas for methanol production. Syngas from plas-
ticsis a substitute for natural gas based syngas.

With the change of the feedstock recycling process the environmental load of the
scenarios R25y, R35y and R50y is recalculated. The normalised results are illus-
trated in figure 8.4.3 (yellow bag system). Comparison with the base situation
(comparison with figure 8.2.1) results in the following remarks.

The changed selection of the feedstock recycling option has some minor conse-
quences for the environmental impacts. Compared with the substitution of il by
the blast furnace substitution of natural gas by gasification results for the environ-
mental aspects AETP, POCP and EDP in lower net environmental benefits. Conse-
quently there are some higher environmental loads of the recycling scenariosin the
case of gasification. These differences however can hardly be detected (comparison
of the results of figure 8.4.3 with those of figure 8.2.1).
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Figure8.2.1 Environmental impact assessment: Normalised scores of landf, NOW, R15,
R25y, R35y and R50y
(scenarios I, 11 and 1V; callection with the yellow bag).
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Figure 8.4.3 Normalised environmental impacts yellow bag routes :

Feedstock recycling by blast furnace process (FR = blast furnace) compared
with Texaco gasification process)
(FR = gasification).
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8.4.4 Sensitivity of normalisation factors

Asdiscussed in paragraph 8.3 there is a considerabl e uncertainty about the values
of normalisation factors. In part Il of this study (see 10.3) some aternative nor-
malisation sets (N2, N3) are presented considering the eco efficiency approach. In
this paragraph the impacts of these alternative normalisation data sets areillus-
trated in the graphs of figure 8.4.4 aand figure 8.4.4b and compared with the re-
sults of the base case, see figure 8.2.1 (normalisation set N1).
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Figure8.2.1 Environmental impact assessment: Normalised scores of landf, NOW, R15,

R25y, R35y and R50y

(scenarios I, 11 and 1V; callection with the yellow bag).
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Figure 8.4.4a Normalised environmental impacts yellow bag routes :

Normalisation by set N2 (seetable 10.3.2).
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.4b Normalised environmental impacts yellow bag routes:
Normalisation by set N3 (seetable 10.3.2).

Such asin the base case (normalisation set N1, see figure 8.2.1) the relative contri-
bution of the FW impact to the integral environmental impact for the scenarios
“landfill” and “NOW”is aso most dominant in figure 8.4.4a (application normalisa-
tion set N2) and figure 8.4.4b (application normalisation set N3).

The relative contributions to the normalised environmental impact of the other
themes (EDP, ENER, GWP, POCP, etc.) varies considerably when different nor-
malisation sets are applied.
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9. Conclusions part |

Hereafter the conclusions of the analysis of costs and environmental impacts are
summari sed.

Costsinventory

Inventoried costs in this study are derived from literature as real costs, without sub-

sidies, profits etc. The costs inventory leads to the following features:

— Tota costs of the reference scenarios vary between 0.174 EURO per kg plas-
tics (landfill) and 0.254 EURO per kg plastics (NOW). Total costs of recycling
scenarios vary more then afactor 3 between 0.204 EURO per kg plastics (R15)
and 0.669 EURO per kg plastics (R50y).

— The scenarios with an increasing recycling rate R* illustrate an increase of total
costs. Increasing costs for collection, separation and treatment are only partly
compensated by an increase of benefits.

- Increasing R rate by mixed plastics recycling as a concrete substitute (MPR)
resultsin higher total costs compared with feedstock recycling (FR), because of
the rather low benefits of the MPR products compared with those of feedstock.

— Yellow bag scenarios have higher total costs compared with grey bag scenar-
ios. Especialy the collection costs increase with increasing R rate in that case.

Environmental impact assessment

In this study environmental inventory items (emissions, resources and wastes) of
scenarios are expressed as environmental impacts by the LCA method. Environ-
mental impactsin this study are : mineral resources depletion (ADP), fuel re-
sources depletion (EDP), global warming (GWP), ozone depletion (ODP), human
toxicity (HTP), aquatic ecotoxicity (AETP), photochemical ozone creation
(POCP), acidification potential (AP), nutrification potential (NP), final waste de-
posit (FW), specific final waste deposit (TW) and cumulative energy requirement
(ENER). Environmental impacts scores are made dimensionless by means of nor-
malisation with average European impacts.

Relative important impacts:

— Theimpacts FW and TW, followed by AETP, AP, EDP, ENER, POCP and
GWP relatively have the highest part to the normalised European environ-
mental impact.

' R = Z{MR+MPR +FR}
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Consequences of increasing recycling rate R

With an increasing recycling rate R of the scenarios thereis an increase of
AETP, AP, EDP and ENER, whereas there is a decrease of the impacts TW
and GWP.

Comparison grey bag scenarios with yellow bag scenarios

With an increasing recycling rate R of the scenarios there is a greater increase
of some impacts for grey bag scenarios, especially with respect to AETP and
EDP. The greater impact load is a consequence of the higher energy input for
Separation processes in the case of grey bag options.

Relative important processesin the comparison:

The calculated FW impact is mainly a consequence of the landfill application,
whereas most of TW impact is generated from fly ash and residues of MSWI.
Generally the reduction of FW and the growth of TW and GWP is dominated
by the final treatment (application) processes. Collection and separation proc-
esses have minor influence on these impacts, The same conclusion can be
made for the substituted processes with respect to FW and TW. With respect to
GWP thereis a considerable contribution of the substituted processes.

The reduction of theimpacts AETP, AP, EDP, ENER and POCP is mainly a
result of substituted processes. Collection, separation and application processes
have minor influences on these impacts.

Sensitivity analysiswith respect to substituted processes
Relevant selections with respect to substituted processes are subjected to a sensitiv-
ity analysis.

Changing 100% MSWI energy recovery to a combination of partial MSWI and
partial co-combustion in a cement kiln for both scenarios 111 and IV can not be
realised by implementation of grey bag scenarios. The reason is the limited
level of collection efficiency and separation efficiency in practise. In the case
of yellow bag scenariosthere is a reasonable potential for co-combustionin a
cement kiln. Regarding these scenarios combined energy recovery resultsin a
relative important decrease of the TW impact and in some decrease of the
AETP impact.

Increasing the energy recovery of aMSWI to 65% heat recovery (compared
with 20% electricity plus 10% heat recovery) resultsin aslight decrease of the
AP and AETP impacts, whereas thereis an increase of EDP impact. This result
is caused by differences with respect to substituted fuels.

Change of the feedstock recycling process to Texaco gasification with substitu-
tion of the production of natural gas based syngas (compared with substitution
of ail inablast furnace) resultsin limited consequences of environmental im-
pacts. Feedstock recycling by gasification gives higher environmental impacts
especially considering AETP, POCP and EDP, because of differences between
the substituted feedstock and the additional hydrogen supply needed in the case
of gasification.
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Application of normalisation factors
The choice of the set of normalisation factors (and their values) estimates the rela-
tive part of the normalised European impact to the several environmental themes.

General conclusion

Increase of the recycling rate R results in an increase of costs and in variation of
the environmental impacts for the studied scenarios. The variation of impactsis
mainly dependent of the substitution of primary products by the products (or out-
put) of recycling processes and energy recovery processes.
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Part I1: Demonstration Eco-efficiency
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10. I ntroduction Eco-efficiency

10.1  Weighting environmental impacts

In principle the environmental load cal culations result in 12 separate scores per
environmental aspect for each scenario (see part 1, table 2.6).

The relative environmental scores of the scenarios (normalised scores of the indi-
vidual environmental themes,) are presented in “bar charts’ (part | : chapter 8).
Normalised scores show the relative contribution of the individual environmental
themes, but do not give a comparison or a mutual impact judgement of the different
themes. The normalisation results only indicate that 8 environmental themes have a
relevant contribution to the total load (FW, TW, EDP, ENER, GWP, POCP, AP
and AETP). This means that the residual themes (ADP, ODP, NP, HTP) have a
relatively small influence.

For a condensed presentation of the LCA results there is aneed to present the envi-

ronmental load in onetotal score per scenario (integral environmental impact

score). Listswith 12 different environmental scores give detailed information, but

the presentations are less convenient.

To be able to calculate one integral environmental impact score aweighting of the

different environmental aspects hasto take place. The integral environmental im-

pact calculation is based on aweighting or ranking of the relevance of the different

environmental themes. Such aranking givesriseto at least two important objec-

tions:

— Theranking is subjective. Different visions of society result in different rank-
ing methods.

— Today no ranking method has a broad society support and thereis no genera
consensus for thisitem.

For these reasons weighting is the most subjective element of the LCA methodol-
ogy In the ISO guidelines for the LCA methodology (1SO FDIS14042) it is even
recommended to execute no weighting for LCA studies with a“broad public
impact”. In anumber of LCA studies the weighting step is not incorporated.

On the other hand there are several LCA studies in which one or more weighting
methods are carried out (for example (5), (12), (21), (22)) and the results are ap-
plied for different purposes.
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A partial counter against the objections can be offered by the following:

1. Toarguein aclear way the need of aweighting during describing the goal and
scope definition of the LCA study

2. To make adistinction between the results with and without a weighting of the
environmental aspects.

3. To apply different weighting methods and different weighting factors during the
weighting of the environmental aspects.

The above mentioned aspects are also incorporated in the report of this study. In
addition to the detailed impacts described in part 1, part 2 presents one total score
per scenario for the environmental oad.

10.2 Portfolio's

In addition to the environmental 1oad, also the costs of the different ways to proc-
ess plastic packaging waste have been estimated during the execution of this study.
So the judgement of the different scenariosis related to “ecology” and “economy”.
Theterm “Eco” has adua meaning in this situation.

The condensed presentation of the results of this study is based on two parameters,

the total costs score and the integral environmental impact score. These parameters

are estimated in the following way:

— During the costs calculations in part | (chapter 6 of this study) the different cost
items are summarised in onetotal costs score per scenario.

— Theweighting of the environmental aspects resultsin oneintegral environ-
mental impact score per scenario.

The combined presentation of the integral environmental impact score and the total
costs score can be realised in a graphic way with atwo dimensional graph.
In literature different presentation ways are described (for instance (5), (12)).

The proposed option is the so-called “ portfolio ™ presentation. This option has
been developed and applied by BASF (12) in this framework. With this way of
presentation both scores are reflected in a“ portfolio square” divided in 4
“sguares’. Only the differences between the costs scores and the differences be-
tween the environmental impact scores are presented. In addition these differences
are standardised (made dimensionless). The results of the two described operations
are called the “ Costs I ndicator” and the* I mpacts Indicator”.

Figure 10.1 gives a schematic example of the defined portfolio. The calculated
portfolio costs and the calculated portfolio impacts estimate the position of each
scenario in the portfolio.
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4——— Costs Indicator 0
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4——— Impacts Indicator

Figure10.1 Example of portfolio for 4 scenarios (hypothetical)
(--------- » = Eco-efficiency).

The portfolio “Costs Indicator” aswell as the portfolio “ Impacts Indicator” aways
have a value between 0 and 1. All separate values are alinear representation of the
differences between the total costs scores and the differences between the integral
environmental impacts scores of the scenarios to be compared.

The significance of the 4 squaresin the portfolio is roughly asfollows:;

- squarel =relatively low costs, relatively low environmental impact
- squarell = relatively high costs, relatively low environmental impact
- squarelll = relatively high costs, relatively high environmental impact

- squarelV  =relatively low costs, relatively high environmental i mpact

In principle the diagona is an important reference line in the portfolio. Points with
arelatively great distance above the diagonal are relatively Eco efficient.

The advantage of the portfolio presentation is the clear positioning of the different
scenarios with respect to the differences in costs and the differencesin environ-
mental impacts.

In thisreport the portfolio presentation isused for the judgement of the
Eco-€efficiency of the scenarios with the different recycling rates.

10.3  Calculation basisfor Eco-efficiency

In part I of this study the portfolio presentation is applied for the judgement of the
Eco-efficiency of the several scenarios with different recycling targets.

TNO-MEP - R 2001/119
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Thisway of presentation isimportant for specific combinations (sets) of scenarios
to be compared. The differences of the separate scenarios of the set are “high-
lighted” in the portfolio. In principle the Eco-efficiency calculations are carried out
for the same combinations of scenarios, which areillustrated in the bar charts de-
scribed in chapter 8, part 1.

The following sensitivity analyses are carried out in chapter 11 on a portfolio
basis:

Weighting factors:

As aready indicated in chapter 10.2 the selection of the different weighting meth-
ods (and weighting factors) to be applied is an important prior condition for the
calculation of the environmental impact scores and so for the estimation of the
Eco-efficiency.

Table 10.3.1 shows the different combinations of weighting factors related to dif-
ferent wel ghting methods applied in this study.

Normalisation factors:

As already described in chapter 8.3 the normalisation factors of several environ-
mental aspects are relatively uncertain (for the calculation of the relative contribu-
tion to the environmental |oad). During calculations of these aspects people have to
apply arange of values for the normalisation factor. A change of the normalisation
factors value can result in amove of the point paosition in the portfolio.

Table 10.3.2 gives an overview of the several normalisation factors, which corre-
spond with different frameworks (Europe, Germany, Netherlands).

List of environmental aspects:

The results of the LCA studies are not always achieved from the same combina-
tions of environmental aspects as applied in this study (part I; table 2.6). During the
execution of several LCA studies for instance people do not consider toxicity (HTP
and AETP). The results of other LCA studies show the omission of the aspect final
waste (FW and TW). Table 10.3.3 shows the different combinations of environ-
mental aspects used for the sensitivity cal culations.

Application processes:

Asaready indicated in part | chapter 8.3 the selection of the application processes
and the specific output and efficiency of these processes determine the relevance of
the environmental impacts to an important extent. The choice of the so called * back
ground” processes has (indirectly) an important impact.

The same sensitivity analysis as performed in chapter 8.4 is executed on the basis
of portfolio presentation.

Additional scenarios:
In the sensitivity analysis some additional scenarios are considered in addition to
the main recycling scenarios as given in part |:
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- Two additiona scenarios with 10% mechanical recycling combined with 90%
energy recovery, in order to illustrate the consequences of a decrease of me-
chanical recycling and an increase of energy recovery. One additional scenario
is strictly focussed at mechanical recycling of IW plastic mono streams and one
additional scenario is mainly focussed at mechanical recycling of MSW pack-

aging plastics.

— Two additional scenarios with 10% mechanical recycling, in combination with
a decreased energy recovery and an increased rate of landfill, in order to illus-
trate the consequences of landfill instead of energy recovery.

Table 10.3.1 Settings of weighting factors for environmental impacts

W, = base weighting factors APME, all impacts equal except toxicity
(correction factor ¥2).
W, = weighting method conform Danish EDIP method (33)
W; = DTT weighting factors (Distance to target factors,
Dutch government; reference (31)).
Wi W> W3
EDP 9.1% 0.16% -
ADP 9.1% 0.16% 2 -
ENER 9.1% 0.08% ¥ 3.4% 6)
GWP 9.1% 10.36 % 4.2%
ODP 9.1% - 22.8%
POCP 9.1% 9.56% 5.5%
AP 9.1% 10.36% 13.5%
NP 9.1% 9.56% 11.4%
FW 9.1% 8.76% 13.5%
TW 9.1% 8.76% 13.5%
AETP 4.5% 20.72% ¥ 5.9%
HTP 4.5% 21.51% 6.3%

1)  average weighting factor for gas and oil

2)  average weighting factor for lead, copper and nickel

3)  average weighting factor for ail, coal, gas and brown coal

4)  average weighting factor acute and chronic aquatic ecotoxicity

5) average weighting factor human toxicity (air, water and soil)

6)  default weighting factor assumed by [31]

TNO-MEP - R 2001/119
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Table 10.3.2 Settings of normalisation factors for environmental impacts

N; = base normalisation, conformtable 2.7,
derived from European totals.
N, = nor malisation data derived from German totals
N3 = normalisation data derived from Dutch totals.
N1 N2 Ns
EDP 0.0016 0.0016 0.0015
ADP 0.00043 0.00043 0.00043
ENER 0.0073 0.0063 0.0050
GWP 0.00009 0.00009 0.00006
ODP 11 11 3
POCP 0.11 0.11 0.10
AP 0.021 0.021 0.019
NP 0.019 0.019 0.019
FW 0.00080 0.00042 0.0020
TW 0.013 0.0020 0.025
AETP 0.000014 0.000014 0.000014
HTP 0.00010 0.00010 0.00010

Table 10.3.3 Settings of environmental impacts selections

for calculation integral environmental impacts.

M 4 Mo M3
EDP Included Included Included
ADP Included Included Included
Ener Included Included Included
GWP Included Included Included
ODP Included Included Included
POCP Included Included Included
AP Included Included Included
NP Included Included Included
FwW Included Included Not Included
T™W Included Included Not Included
AETP Included Not Included Not Included
HTP Included Not Included Not Included
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11. Results Eco-efficiency

11.1  Comparison of grey bag and yellow bag system

The Eco-efficiency has been calculated for the scenario combinations, which are
presented in part | chapter 8.2. The “base” weighting factors (table 10.3.1), the
“base” normalisation factors (table 10.3.2) and the “base” impact assessment
method (table 10.3.3) are starting points for the calculations.

Calculation example of a portfolio

Environmental impact indicator

The results of the normalisation of scenarios R15, R25y, R35y and R50y, including
both reference scenarios, are the basis of the calculation of the value of the envi-
ronmental impact indicator in this example. All normalised figures are presented in
table 11.1. Multiplication with the corresponding weighting factors (factors W1 ,
table 10.3.1) totalises the individual theme scores per scenario. The total weighted
scores per scenario (SUM) are presented in the second part of table 11.1

The landfill scenario shows the highest total impact (0.000087), scenario R15 has a
negative total value (- 0.000016) whereas scenario R50y has the lowest total im-
pact (- 0.000030 ). The difference (DELTA) between both extremesin this com-
parison is 0.000117. Consequently the environmental impact indicators are:

» scenario landfill: 0.9,

» scenario R50y: 0.1

» scenario R15: 0.9 - 0.8* (0.000087 + 0.000016)/0.0000117 = 0.20

Costs indicator

Costs figures per kg packaging plastics of scenarios R15, R25y, R35y and R50y
including both reference scenarios, are the basis of the calculation of the value of
the costsindicator in this example.

The landfill scenario shows the lowest total costs (0.174 euro), scenario R15 ac-
counts for higher costs (0.204 euro) whereas scenario R50y has the highest costsin
this comparison ( 0.669 euro ); seetable 11.2. The difference (DELTA) between
both extremes in this comparison is 0.415 euro. Consequently the costs indicators
are:

* scenario landfill; 0.1,

e scenario R50y: 0.9

» scenario R15: 0.9 - 0.8* (0,669 - 0.204)/0.495 = 0.15
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Table11.1 Base case calculation example impactsindicator.
Landf NOW R15 R25y R35y R50y
normalised values (factors N1, table 10.3.2)
EDP 6.1E-06 -6.4E-05 -2.8E-04 -2.7E-04 -2.3E-04 -1.8E-04
ADP 0.0E+00 -2.0E-09 3.0E-10 1.9E-10 -1.3E-08 -2.7E-08
Ener 6.7E-06 -8.4E-05 -2.2E-04 -2.3E-04 -2.1E-04 -2.0E-04
GWP 2.6E-05 2.4E-05 1.1E-04 9.3E-05 7.7E-05 5.2E-05
ODP 8.8E-07 -4.3E-07 -2.1E-06 -5.9E-06 -5.2E-06 -6.4E-06
POCP 3.0E-05 -7.9E-05 -1.4E-04 -1.7E-04 -1.6E-04 -1.7E-04
AP 2.0E-05 -3.2E-05 -1.6E-04 -1.4E-04 -1.4E-04 -1.2E-04
NP 3.3E-06 3.0E-07 -5.2E-06 -4.2E-06 -4.0E-06 -3.3E-06
FW 7.6E-04 5.3E-04 -2.5E-06 -2.5E-06 -5.2E-06 -7.8E-06
T™W 1.0E-04 1.7E-04 6.8E-04 5.6E-04 5.0E-04 3.9E-04
AETP 2.9E-06 -7.3E-05 -2.9E-04 -2.6E-04 -2.3E-04 -1.8E-04
HTP 1.3E-06 2.1E-09 -4.0E-06 -5.9E-06 -4.7E-06 -4.3E-06
weighted values (factors W1, table 10.3.1)
EDP 5.5E-07 -5.8E-06 -2.6E-05 -2.5E-05 -2.1E-05 -1.6E-05
ADP 0.0E+00 -1.9E-10 2.8E-11 1.7E-11 -1.2E-09 -2.4E-09
Ener 6.1E-07 -7.6E-06 -2.0E-05 -2.1E-05 -1.9E-05 -1.8E-05
GWP 2.3E-06 2.2E-06 9.8E-06 8.5E-06 7.0E-06 4.7E-06
ODP 8.0E-08 -3.9E-08 -1.9E-07 -5.4E-07 -4.8E-07 -5.8E-07
POCP 2.8E-06 -7.2E-06 -1.3E-05 -1.5E-05 -1.5E-05 -1.5E-05
AP 1.9E-06 -2.9E-06 -1.5E-05 -1.3E-05 -1.2E-05 -1.1E-05
NP 3.0E-07 2.7E-08 -4.8E-07 -3.8E-07 -3.6E-07 -3.0E-07
FW 6.9E-05 4.8E-05 -2.2E-07 -2.3E-07 -4.7E-07 -7.1E-07
T™W 9.1E-06 1.5E-05 6.2E-05 5.1E-05 4.6E-05 3.5E-05
AETP 1.3E-07 -3.3E-06 -1.3E-05 -1.2E-05 -1.0E-05 -8.0E-06
HTP 5.8E-08 9.5E-11 -1.8E-07 -2.7E-07 -2.1E-07 -2.0E-07
sum | 8.7E-05  3.9E-05 -16E-05 -2.8E-05 -2.6E-05 -3.0E-05

DELTA 0.00003 + 0.000087 = 0.000117

IMPACT INDICATOR| 0.90 0.57 0.20 0.11 0.13 0.10
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Table11.2 Base case calculation example costs indicator.

Landf NOW R15 R25y R35y R50y
Euro 0.174 0.254 0.204 0.354 0.480 0.669
DELTA 0.669 - 0.174 = 0.495
COSTS INDICATOR 0.10 0.33 0.15 0.38 0.59 0.90

Figure 11.1.1 shows the results of the yellow bag scenarios R25y, R35y and R50y
together with those of the both reference scenarios (landfill and NOW) and sce-
nario R15. Figure 11.1.2 shows the results of the grey bag scenarios R25¢g, R35g
and R50g together with those of the both reference scenarios (landfill and NOW)
and scenario R15. The scenarios landfill and NOW show the greatest environ-
mental load in all portfolios, but the costs are relatively low. Scenario R15 givesan
obvious decrease of the environmental load without a significant costs increase.
With increasing R value the scenarios R25, R35 and R50 show a growth in costs
without an obvious reduction of the environmental impacts. For this reason sce-
nario R15 followed by R25 is the most Eco efficient scenario regarding both com-
parisons.

Figure 11.1.1 and figure 11.1.2 cannot be compared with each other, because the
scaling factors for both figures are different. Figure 11.1.3 is constructed in order to
compare the results of the yellow bag scenarios with the results of the grey bag
scenarios. Figure 11.1.3 contains the results of the grey bag scenarios R35g and
R50g compared with the results of the yellow bag scenarios R35y and R50y, in
combination with those of the both reference scenarios (landfill and NOW) and
scenario R15.

The yellow bag systems are realised with more costs whereas the grey bag systems
are characterised by more environmental load. An important reason for the diffe-
rence in environmental load is the energy consumption of the mechanical separa-
tion of the grey bag volumes. But figure 11.1.3 also shows that overall less differ-
enceis observed with respect to the Eco-efficiency of yellow bag systems versus
the Eco-efficiency of grey bag systems.
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Figure 11.1.1 Eco-€fficiency portfolio: Comparison of
reference scenarios and R15 (scenario I), R25y, R35y and R50y

(scenarios I, 111 and 1V; collection with the yellow bag).
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Figure 11.1.2 Eco-efficiency portfolio: Comparison of
reference scenarios and R15 (scenario |), R25g, R35g and R50g
(scenarios I, 111 and IV; collection with the grey bag).
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Figure 11.1.3 Eco-€fficiency portfolio : Comparison of
reference scenarios and R35g, R50g, R35y and R50y
(scenarios 11 and IV with resp. yellow and grey bag).

11.2  Varying ER and FR

11.2.1 Energy recovery by a combination of M SWI and cement kiln

The sensitivity analysisin part | chapter 8.4 concerns energy recovery with a
higher conversion efficiency in a cement kiln (ERign). Y ellow bag scenarios in-
cluding ERygr have the following features of recycling rates:

- R50yHE with 50% R, 33.8% ERqsyi and 16.2% ERygn

In figure 11.2.1 the Eco-€fficiency portfolio of both aternatives R35yHE and
R50yHE is presented in combination with the Eco-efficiency of the both reference
scenarios and the scenarios R25y and R15.

The processing of packaging plastics in a cement kiln concerning R35yHE and
R50yHE resultsin afurther going reduction of the environmental load compared
with R25y and R15 (without processing of plasticsin a cement kiln). Thisimage
does not agree with that of figure 11.1.1 Nevertheless scenario R15 (followed by
R25) is the most Eco efficient scenario regarding this comparison. The reason for
this are the relatively high costs of the scenarios R35yHE and R50yHE.

TNO-MEP - R 2001/119
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Figure11.2.1  Eco-€fficiency portfolio :
Energy recovery by combination of MSM and cement kiln.

11.2.2 Energy recovery by a M SWI with 65% heat recovery

The energy yield of the MSWI (ERmsyi) 1S an important starting point of the calcu-
lations. For the standard cal culations the energy yield corresponds with 0.2 MJ
electricity output and 0.1 MJ heat output per MJ (LHV) input. The sensitivity
analysis carried out in part | chapter 8.4 concerns also ayield of 0.65 MJ heat per
MJ (LHV) input for the yellow bag scenarios.

Figure 11.2.2 shows the Eco-efficiency portfolio of these yellow bag alternatives in
combination with the Eco-efficiency of both reference scenarios and R15.

Figure 11.2.2. isamost comparable with figure 11.1.1. Scenario R15 (followed by
R25y) is also the most Eco efficient scenario in this context.
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Figure11.2.2  Eco-efficiency portfolio :
Energy recovery by MSWI with 65% heat recovery efficiency.
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11.2.3 Feedstock recycling by the Texaco gasification process

In the sensitivity analysis FR mixed plastics fractions are processed as feedstock in
the Texaco gasification plant as alternative for the application in the Blast Furnace,
as described in chapter 8.4.

The changed selection of the feedstock recycling option has no relevant conse-
quences for the portfolio comparison. Figure 11.2.3 is almost comparable with fig-
ure 11.1.1. Scenario R15 (followed by R25y) isthe most Eco efficient scenario in
this context.
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Figure11.2.3  Eco-efficiency portfolio:
Feedstock recycling by the Texaco gasification process.

11.3  Varying weighting and nor malisation factors

An important limiting condition when judging the Eco-efficiency is the calculation
of an aggregated environmental impact score with “ subjective” weighting factors,
as already indicated in chapter 10. Some additional remarks can be made for the se-
lection of the normalisation factors and the choice of impact assessment themes;
see2.7.

All Eco-efficiency portfolios presented in chapter 11.1 and chapter 11.2 are calcu-
lated with the “base” weighting factors (table 10.3.1), the “base” normalisation fac-
tors (table 10.3.2) and the “base” impact assessment method (table 10.3.3). Figure
11.3.1 up to figure 11.3.6 inclusive demonstrate the consequences of the change of
the weighting factors, normalisation factors and of the conseguences of other selec-
tions of impact assessment themes. All these examples are based on the compari-
son of the yellow bag scenarios R25y, R35y and R50y with the both reference sce-
narios (landfill and NOW) and with scenario R15.
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The codes of the clusters of the weighting factors, normalisation factors and the
code of the impact method are given in the tables 10.3.1 up to 10.3.3 inclusive and
used in thefigures 11.3.1 up to 11.3.6 inclusive. The examplesillustrated in
figure 11.3.1 up to figure 11.3.6 inclusive are comparable with the presentation in
figure 11.1.1.

The presentationsin figure 11.3.1 up to figure 11.3.6 inclusive illustrate that the
change of weighting factors and normalisation factors and an other selection of im-
pact assessment themes (within the restrictions as given in chapter 10.3) have a
small influence on the Eco-efficiency profiles. In all portfolios scenario R15 (fol-
lowed by R25y) is the most Eco efficient scenario.
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Figure11.3.1  Eco-efficiency portfolio:
Weighting W2, normalisation Nbase, method Mbase.
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Figure11.3.2  Eco-efficiency portfolio:
Weighting W3, normalisation Nbase, method Mbase.
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Figure11.3.3  Eco-efficiency portfolio:
Weighting Whbase, normalisation N2, method Mbase.
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Figure11.3.4  Eco-efficiency portfolio:
Weighting Whase, normalisation N3, method Mbase.
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Figure11.3.5  Eco-efficiency portfolio:
Weighting Whase, normalisation Nbase, method M2.
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Figure11.3.6  Eco-efficiency portfolio:
Weighting Whase, normalisation Nbase, method M3.

114 Additional scenarios

In this paragraph, considering the sensitivity analysis, some additional scenarios
are considered in addition to the main recycling scenarios as given in part |.

Decrease of mechanical recycling and increase of energy recovery

Two additional scenarios are defined with 10% mechanical recycling combined
with 90% energy recovery, in order to illustrate the consequences of a decrease of
mechanical recycling and an increase of energy recovery compared with scenario
R15. In “additional scenario R10i” the 10% mechanical recycling is strictly focus-
sed on IW mono streams, whereas in “additional scenario R10m” the mechanica
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recycling is a combination of 6% MPR plus 2% MR from MSW plastics and 2%
MR from IW plastic mono streams.

In figure 11.4.1 both additional scenarios are compared with the main recycling
scenarios and the reference scenarios. The additional scenario with the mechanical
recycling strictly focussed at mono streams (R10i) shows a“more or less’ equal
Eco-efficiency as the main recycling scenario R15 (15% mechanical recycling and
85% energy recovery). Obviously in this context a detailed analysis of replacing
mechanical recycling by energy recovery cannot beillustrated with the “rough”
comparison basis shown in figure 11.4.1.

The additional scenario R10m focussed on MR and MPR of MSW plastics results
however in a considerable decrease of Eco-efficiency compared with the main re-
cycling scenario R15. Most important reason is the relativel y high costs of me-
chanical recycling or mixed plastics recycling of plastics out of MSW, compared
with the costs of mechanical recycling of IW plastics mono streams.

Decrease of energy recovery and increase of landfill

Two additional scenario’swith 10% mechanical recycling of IW plastics mono
streams in combination with a decreased share of energy recovery are defined, in
order to illustrate the consequences of landfill instead of energy recovery. Addi-
tional scenario R10ia contains a combination of 10% MR, 50% ER plus 40% |land-
fill, whereas additional scenario R10ib has a combination of 10% MR and 90%
landfill. In figure 11.4.2 both additional scenarios are compared with the main re-
cycling scenarios and the reference scenarios.

Figure 11.4.2 indicates that increasing levels of energy recovery compared to the
NOW situation could be an attractive way forward in terms of Eco-efficiency.

0 -
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Figure 11.4.1 Eco-efficiency portfolio:
Comparison of alternative scenarios with 10 % mechanical recycling and
90% energy recovery (R10i, focussed at | W plastic mono streams and R10m,
focussed at MSW plastics) with scenariosl, I, 111 and IV (R15, R25y, R35y
and R50y) and reference scenarios (landfill and NOW).
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Figure 11.4.2 Eco-€fficiency portfolio:
Comparison of alternative scenarios, 10% MR, 50% ER and 40% landfil|
(R10ia) and 10% MR, 0% ER and 90 % landfill (R10ib), with scenariosl|, II,
[l and 1V (R15, R25y, R35y and R50y) and reference scenarios (landfill and

NOW).

115 Discussion

In the preceding paragraphs of this chapter the portfolio presentation is used for
illustration of the sensitivities of relevant assumptions, starting pointsin the cal cu-
lation procedure, etc. and the portfolio presentation is positioned as a powerful tool
for the judgement of the Eco-efficiency of the recycling scenarios.

On the other hand there are still some specific restrictionsin this presentation:

— The portfolio presentation is based on dimensionless figures. Different port-
folios with different scenarios cannot be compared with each other directly.

— Critical environmental themesin each portfolio have to be anal ysed additio-
naly

— Weighting factors are aways subjective.

These restrictions will be elucidated in this paragraph.

11.5.1 Restrictions of dimensionlessfigures

The Eco-efficiency presentation is based on dimensionless costs differences and on
dimensionless environmental impacts differences. Different portfolios with diffe-
rent scenarios cannot be compared with each other, because the scenarios com-
pared and their scaling factors are different whereas the Eco-efficiency portfolios
give no direct information about absolute figures.
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As a consequence standardisation of portfolios by dimensionless figures resultsin
some interpretation draw-backs. In this context in figure 11.5.1 identical scenarios
asinfigure 11.1.1 are presented in a“portfolio” with absolute figures.

Absolute costs figures per kg plastic are presented in figure 11.5.1. The costs dif-

ference between the recycling rates of 15% and 50% (R15 and R50y) is at least a

factor 3 (about 0.2 Euro/ kg plastic vs. 0.67 Euro/kg plastic). On a European scale
the total amount of plastic packaging waste is estimated at 9.8 million ton/y. This

resultsin total costs of 2.0 billion Euro/y for R15 compared with the total costs of
6.7 billion Euro/y for R50y.

ONOW

FO-OOOOLK[ _ﬂ >ﬁ Olandf
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Absolute Impacts
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Figure 11.5.1 Eco-efficiency “ portfolio” with absolute figures:
Comparison of the reference scenarios (landfill and NOW) with the recycling
scenarios R15 (scenario 1) and R25y, R35y, R50 y (scenarios I, 111 and 1V
with the yellow bag system).

The absolute environmental impact scores indicated in figure 11.5.1 are the nor-
malised plus weighted scores. These absolute scores correspond with an environ-
mental credit (negative valued environmental impact) or an environmental |oad
(positive valued environmental impact).

Scenario R15 scenario has an environmental credit of -0.000015 but in view of en-
vironmental impacts the best scoring scenario corresponds to 50% recycling
(R50y). Thisrecycling scenario corresponds with an environmental credit of
-0.00003 whereas the landfill scenario corresponds with an environmental load of
0.00009.

Toillustrate in this context the environmental impactsin figure 11.5.1 (or figure
11.1.1 etc.) acomparison is made with afamiliar public activity, “driving a car”.
Per kg plastic the difference in environmental impacts between scenarios R15 and
R50y represents an average passenger car journey of 800 meters. On a European
scal e the difference between R50y and R15 corresponds with a car journey of
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20 km per year per European inhabitant. Compared with the landfill scenario, the
scenario R15 is equivalent with to the saving of acar journey of 160 km per year
per European inhabitant.

11.5.2 Most sensitive environmental impacts

From the Eco-efficiency figures people cannot directly estimate the value of thein-
dividual contributions of the separate environmental impacts scoresto the envi-
ronmental impact indicator in the portfolio. Thisrestriction is a consequence of the
condensed presentation of the LCA results (as an “one value indicator” of integral
environmental impacts).

The contributions of separate environmental impacts can differ enormously per
scenario. Besidesin some cases thereis a difference of the uncertainty range per
environmental impact. As a consequence there are several relevant sensitive (or
“critical”) environmental themes for each portfolio. Hereafter an analysis of the
base portfolio (comparison of landfill, NOW, R15, R25y, R35y and R50y) is given:

A: Final waste (FW) and specific final waste (TW).

The environmental impacts indicator score of both the reference scenarios (landfill
and NOW) is determined by the FW score to arelevant extent. Regarding at the
other hand the different recycling scenarios, the TW score has arelatively large
contribution. In view of the normalisation arelative large uncertainty range is rec-
ognised for TW aswell as FW normalisation factors. The resulting “ bandwidth” of
the Environmental Impacts Indicator probably can cause some shifted positionsin
the portfolios, especialy for the individual recycling scenario positionsto each
other.

B: Aquatic ecotoxicity (AETP) and fuel resour ces depletion (EDP)

The MR, FR and ER options have arelatively important (positive) score for EDP

and AETP. Thisresultsin arelatively attractive score of the Environmental Impact

Indicator of the recycling and recovery aternatives. The mutua positions of the

examined recycling scenarios are determined especially by the following factors to

arelevant extent:

— For AETP the selection of the “background data’ (data of the energy conver-
sion and fuel production processes) play an important role. Another selection
(in this study the BUWA L 250 data are used) could give shifted positions of the
recycling scenarios.

— The EDP judgement has been based on the worldwide technically available
stocks of fuel types. When this classification basis will be changed (for in-
stance geological stocks instead of technical stocks) thiswill have conse-
quences to agreater or lesser extent for the mutual position of the recycling
scenarios in the portfolio presentation.
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11.5.3 Weighting factors

Any weighting is subjective and there is no general consensus on any weighting
method. There are scientific, economic and political approaches with respect to the
different weighting methods.

Different society views and options will result in the selection of different weight-
ing factors for the environmental themes. In this study the three different weighting
approaches, applied for the Eco-efficiency portfolio calculations, are related to the
scientific approach. When sufficiently developed economic and political ap-
proaches are available, it is recommendable to apply them.

If weighting isrestricted to one single theme the Eco-efficiency portfolios can
change enormously. For instance when only the fina specific waste theme (TW)
would be weighted the landfill scenariosisthe “best” scenario as can be seenin
figure 8.6. Weighting methods with a high weighting of a specific theme show the
same effect. For example the weighting with “shadow prices’ resultsin ahigh
weight for the global warming theme [39] as shown in figure 8.1.3. This weighting
will give the best “environmental results’ for the NOW scenario and the landfill
scenario. These specific weighting methods are not considered in this study but
their application would change the results considerably.

The weighting with shadow pricesis not included for the following reasons:

« Broad range of the prices of a specific theme.

e For not al the themes shadow prices are defined or available.

When this method is devel oped further on it can become an attractive one.

The eco-indicator method is also not taken into account, because this method ap-
plies other defined environmental themes, for example biodiversity, and themes as
toxicity and final waste are not included. For that reason this method is less suit-
ablein the area of waste management.
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12. Conclusions part |1

Hereafter the conclusions of part Il are summarised.

General

« The executed study is afirst step with regard to the comparison of scenarios
with different levels of material recycling and energy recovery.

» For this study (except the market evolution of recycled plastics) the approach is
descriptive rather than change oriented. It is based on theoretical scenarios. As
usual for such studies, results may vary according to the data used, the selected
primary products and processes which are substituted by secondary prod-
ucts/energy resources, or by the weighting method selected to cal culate the inte-
grated environmental impact. Some variants around the basic scenarios -1V il-
lustrate the impact this can have on the conclusions.

e The calculations are related to the current situation with respect to the composi-
tion of plastics (the “average” European composition) and real “state of the art”
processes (devel oped in Northern Europe). The data used are related to the sec-
ond half of the nineties. This study does not present results of adynamic ap-
proach with respect to compasition changes of plastics and improvement of ex-
isting processes or introduction of new processes.

« Within the described limitations the study indicates trends for the next decade.
The results of the study have to be used on an European level (or possibly coun-
try level) and are not applicable for any local/regiona situation, because waste
volumes, compositions and regional collection systems can vary enormously.

e Theresults of the study show:

- Thesingle most positive impact on eco-efficiency comes via diversion from
landfill in favour of a combination of mechanical recycling of monomaterial
relatively clean waste + energy recovery in moderately efficient modern
MSWIs (30% energy recovery efficiency, complying with the new EU In-
cineration Directive).

- Increasing the efficiency of energy recovery improves the eco-efficiency of
the system.

- Increasing recycling rates from 15 to 50% (with FR and/or MPR) and corre-
spondingly decreasing the energy recovery rate increases costs by afactor 3
while environmental impact remain broadly similar.

- With the choice of the recovery options mechanical recycling of monomate-
rial relatively clean waste + energy recovery in moderately efficient
modern MSWIs, significant improvement in environmental impact could be
achieved at similar costs compared to the current EU average.

* Further devel opments based on the results of this study can be:

- Theexecution of prospective studies of selected routes for given countries.

- The execution of a change-oriented approach including changes in plastics
composition and innovations in technological processes.
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An evaluation within 5 yearsto take into account the evolution of waste
composition, waste processing techniques and to include the actual experi-
ence in the field of municipal solid waste management.

The study has been critical reviewed by a panel of independent experts.

Comparison of reference scenarios and recycling scenarios

The sensitivity analysisis only performed on environmental aspects and not on
costs.

Both reference scenarios (landfill and NOW) show the relatively highest envi-
ronmental impacts, but costs are relatively low.

With increasing recycling rate R scenarios don't result in an obvious difference
in environmental impacts, but thereis a significant cost increase.

Scenario R15, followed by scenario R25y or R25¢, are the most favourable
scenarios with respect to the results of the Eco-efficiency anaysis.

Less differenceis observed between the Eco-efficiency of the yellow bag sys-
tems compared with the Eco-efficiency of the grey bag systems.

The process type energy recovery, the energy recovery level and the kind of
feedstock recycling process are varied in this study. Variation of these options
does not change the result of the comparison (scenario R15, followed by R25
are the most attractive ones from the Eco-efficiency point of view).

Weighting factors, normalisation factors and the number of impact assessment
themes are varied within defined restrictions or ranges. V arying these aspects
does not change the results of the comparisons (scenario R15, followed by R25
are the most attractive ones from the Eco-efficiency point of view).

Regarding the comparison of scenarios and the results of the sensitivity analy-
sis (varying weighting factors, assumptions etc.) a more Eco efficient process-
ing of end of life packaging plastics will result in a combination of 15-25%
recycling and 85-75% (high efficiency) energy recovery. An increase of 15%
to 25% recycling means an additional (feedstock and/or mixed plastics) recy-
cling of more contaminated (mixed) plastics to the (mechanical) recycling of
mono-streams is achieved.

Demonstration of the Eco-efficiency concept

This type of presentation gives aclear overall overview of the different sce-
narios with respect to differencesin costs and differences in environmental
impacts. When the environmental impact does not differ more than 5% one has
to be cautious when conclusions have to be drawn.

Cadlculationsin this study are based on defined assumptions and starting points.
The consequences of changing underlying parameters are clearly demonstrated
with the Eco-efficiency presentation.

The results of this study demonstrate how a plastic packaging waste processing
scenario could be improved in terms of Eco-efficiency.
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13. Critical Review Report

view Eco-€fficiency of Recovery Scenarios of Plastic Packaging

CRITICAL REVIEW REPORT

Eco-efficiency of Recovery Scenarios of Plastic Packaging

ject was completed by TNO for the APME. It investigates the costs and environmental
of different theoretical scenarios for the recovery of plastic packaging.

rt isdivided into two parts:

the first part is dedicated to the LCA and the cost inventory of the recovery scenarios; and

the second part is dedicated to the analysis of the eco-efficiency of the scenarios.

cal review panel reviewed the entire document, although only the LCA part was considered in
to the 1SO 14040 standards.

of the Critical Review

uld be performed according 1SO 14040 and following. According to the ISO-Standard a

eview processis necessary if LCA results are used for comparative assertions which are
to be disclosed. Thisisvalid for LCA on hand.

g 1SO 14040 the critical review process shall ensure that:

the methods used to carry out LCA are consistent with the International Standard,
the methods used to carry out LCA are scientifically and technically valid,

the data used are appropriate and reasonable in relation to the goal of the study,
the interpretations reflect the limitations and the goal of the study,

the study report is transparent and consistent.

International Standard does not specify requirements on the goals or uses of LCA, acritical

an neither verify nor validate the goals that are chosen for an LCA, or the usesto which LCA
re applied.

s of the critical review panel were Helene Teulon (chairperson), Roland Hischier, Geert
and Till Ndrrenbach.

14

TNO-MEP - R 2001/119



TNO-MEP - R 2000/119

129 of 140

Critical Review Eco-efficiency of Recovery Scenarios of Plastic P

Goal and Scope

The goal and scope of the project are clearly displayed in the report. It is clearly stated that this

isafirst step to identify trends in the recovery of plastic packaging for the five coming years. It

clearly mentioned that the selected approach for this "first step” does not take into account the e
tion of the collection and treatment techniques and the possible changesin the composition of p
waste from packaging : it is a "descriptive approach”, as opposed to a "dynamic" one.

Methodology and Data

The methodol ogy and the assumptions made along the project are logical and scientifically vali
are consistent with the goal and scope of the project.

The approach for the selection of datais a pragmatic approach: only the composition of plastic
from packaging is based on average data in a set of European countries. For the collection and t
ment of plastic waste, readily available "state-of -the-art" data have been selected from different
tries. Thisis consistent with the goal and scope of the project aslong asthe related limitations a
played with the conclusions, and it is the case in the report.

Limitations

The main limitations of the approach are displayed in the executive summary as well asin the c
sion of the report.

In particular, it is clearly mentioned that the "results may vary according to the data used, the se
primary products and processes which are substituted by secondary products, or by the weightin
method selected to calculate the integrated environmental i mpact”.

In the conclusion, it isalso clearly stated that the trends identified in this study can only be used
European level, and that they "are not applicable for any local/regional situation, because waste
volumes, compositions and regional collection

systems can vary enormously". The panel is reluctant to agree that the results could possibly us
the country level, and recommends that specific data are collected

for a country level use. However, the methodological framework could be fruitfully

re-used in that case.

Besides, relevant possible extensions of the study are proposed in the conclusion, such as

- to conduct a similar study with a dynamic approach, making assumptions on the ev
tion of both the packaging waste composition and the collection and treatment tech
niques; or

Juillet 2001
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view Eco-€fficiency of Recovery Scenarios of Plastic Packaging

to reconsider the results within 5 years, to take into account the evolution of techniques,
waste composition, and to take advantage of the new experiencesin the field of municipal
waste management.

hese limitations, the panelists are confident that the results are reliable. It has to be noticed
atarelated to the "substituted processes’ dominate the results. However, the displayed
ns demonstrate that the results are robust.

Its summarised in the executive summary and in the conclusion truly reflect the content of the

ciency Portfolio Presentation

120, it is said that "this type of presentation gives aclear overall overview of the different
swith respect to differences in costs and differences in environmental impacts. When
ental impact do not differ by more than 5%, one has to be cautious when conclusions are to
". The panel further insists that the eco-efficiency port-folio presentation can be misieading
differences between the compared results are not significantly different. Indeed, whatever the
ein percentage between the results, the portfolio will spread the dots apart on the graph,
ill make the results appear as significantly different. This might lead to erroneous conclusions.
he case in this project, but it isimportant to keep thisrisk in mind when using this type of
tion.

CA/Compliance with | SO 14040ff

all report is consistent and transparent.
part complies in general with the recommendations of the 1SO14040 and following

g data, methodology and reporting. The detailed appendices alow to reproduce most of the
onsif needed.

cond part of the report, aweighting method is used to combine the different environmental
into asingle note, which is not consistent with ISO 14040 recommendations. This choiceis
clearly stated and argued in section 10.

rt includes most of the sections specifically required in the case of a "comparative assertion to
sed to the public”. Only the treatment of missing data and the data quality assessment could
n either added or devel oped.

be noticed that all the LCA calculations are based on existing LCA data, extracted from
eliable sources. Thisimplies that the calculation procedures might not be consistent in all
owever, the data used are appropriate and reasonable in relation to the goal of the study.

1 3/4
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Critical Review Eco-efficiency of Recovery Scenarios of Plastic P

Overall Conclusion

The report istransparant and it displays clear objectives with reasonable limited targets. The de
ment of the methodology islogical and scientifically valid, the approach for the selection of dat
pragmatic, their are both consistent with the goal and scope of the project.

The calculations are rigorous and clearly displayed. Relevant conclusions are drawn from the ca
tions. The limitations are displayed at the same time as the conclusions, which helps make ther
strong and consistent with the goal and scope of the project.

The LCA part of the project was in general conducted in compliance with the recommendations
SO 14040ff standards.

Thecritical review process was constructive, and significant efforts were successfully dedicated
improvement of the project and the report.

Juillet 2001
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15. Abbreviations

energy recovery rate

energy recovery rate realised by high efficiency recovery (cement kiln)
energy recovery rate realised by MSWI
feedstock recycling rate

functional unit

high efficiency energy recovery
industrial waste

landfill of waste

low heating value

mixed plastics recycling rate
mechanical recycling rate

municipal solid waste

municipal solid waste incineration

poly ethylene

poly propylene

poly styrene

poly vinyl chloride

recycling rate (sum of MR, MPR en FR)
refuse derived fuel

substitution factor; ratio of primary products replaced (substituted) by secondary plastics

MENTAL IMPACTS, CATEGORIES

environmental impact Mineral Resources Depletion Potential
environmental impact Fuel Resources Depletion Potential
environmental impact Globa Warming Potential
environmental impact Ozone Depletion Potential
environmental impact Human Toxicity Potential
environmental impact Aquatic Eco toxicity Potential
environmental impact Photochemical Ozone Creation Potential
environmental impact Acidification Potential

environmental impact Nutrification Potential

environmental categorie Final Waste

environmental categorie Specific final Waste (hazardous waste)

environmental categorie Cumulative energy requirement
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TNO-MEP - R 2000/119

137 of 140

ROUTESFOR COLLECTION AND SEPARATION

Al

AlL

A2

A2L

A3

A4
A4ANOW

A4R35g
A4R50g

A5
A5R25y

A5R35y

route for MSW
route for MSW
route for MSW
route for MSW
route for MSW
route for MSW
route for MSW

route for MSW

route for MSW

route for MSW
route for MSW

route for MSW

A5R35yHE route for MSW

A5R50y

route for MSW

A5R50yHE route for MSW

Bl
B1L
B2
B2L
B3

route for IW
route for IW
route for IW
route for IW
route for IW

integral collection (black bag), residuesto MSW
integral collection (black bag), residues to landfi

integral collection (black bag) + bottle bank, res

integral collection (black bag) + bottle bank, res

dry/wet collection (grey bag), residuesto MSWI

dry/wet collection (grey bag) + bottle bank, resid
dry/wet collection (grey bag) + bottle bank (shif

for NOW scenario ), residuesto MSWI

dry/wet collection (grey bag) + bottle bank (shif

for R35g scenario ), residues to MSWI

dry/wet collection (grey bag) + bottle bank (shif

for R50g scenario ), residues to MSWI

separate collection (yellow bag), residuesto MS

separate collection (yellow bag), (shifted separat
scenario ), residuesto MSWI

separate collection (yellow bag), (shifted separat
scenario ), residuesto MSWI

separate collection (yellow bag), (shifted separat
scenario with optimised energy recovery ), resid

separate collection (yellow bag), (shifted separat
scenario ), residuesto MSWI

separate collection (yellow bag), (shifted separat
scenario with optimised energy recovery ), resid

integral collection (black bag), residuesto MSW
integral collection (black bag) + bottle bank, res
separate collection rigids and films, residuesto M
separate collection rigids and films, residuestol|
separate collection rigids, films and mixed plasti
MSWI
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reference scenario scenario | (landfill)
reference scenario scenario Il

scenario | recycling rate R = 15 %
scenario Il recycling rate R = 25 %

scenario |1 with yellow bag route recycling rate R = 25 %
scenario Il with grey bagroute  recycling rate R =25 %

scenario Il recycling rate R = 35 %

scenario |11 with yellow bag recycling rate R = 35 %

route

scenario |11 with yellow bag recycling rate R = 35 %, optimised energy recovery
route

scenario |11 with grey bag route  recycling rate R = 35 %

scenario IV recycling rate R = 50 %

scenario IV with yellow bag recycling rate R =50 %

route

scenario 1V with yellow bag recycling rate R = 50 %, optimised energy recovery
route
scenario 1V with grey bag route recycling rate R =50 %

additional scenario recycling rate R = 10%, by IW recycling and rest to MSWI
(energy recovery 90%)

additional scenario recycling rate R = 10%, mainly by MSW recycling and rest
to MSWI (energy recovery 90%)

additional scenario recycling rate R = 10%, by IW recycling and rest partially to
MSWI (energy recovery 50%, landfill 40 %)

additional scenario recycling rate R = 10%, by IW recycling and rest to landfill

(energy recovery 0%, landfill 90 %)
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16. Authentication

Name and address of the principal:

Association of Plastics Manufacturers
in Europe (APME)

Box 5

B-1160 Brussels

Belgium

Names and functions of the co-operators:

P.G. Eggels
A.M.M. Ansems
B.L. van der Ven

Names and establishments to which part of the research was put out to contract:

J.L.B. de Groat,
TNO Institute of Industrial Technology

Date upon which, or period in which, the research took place:

January 1999 - March 2000

Signature: Approved by:

Ir. A.M.M. Ansems Ir. H.S Buijtenhek
Project leader Head of department
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