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PURPOSE

The objective of this eport is to describe the steps taken taleliver (an) innovative, robust and

dynamic mode(s) assessingthe historic and current stocks and flows of huse and endof-life

batteries (BATT), vehicles (ELV), and electric and electronic equipment (EBEEU28+2.
Deliverable3. 3 606 Product st oc ks andfoarther fteratoncd [Beldverable 3.Jan e xt e
®@Hi stori c an dwhichuakes emihvenfory ofwhe @dta sourcesand provides an

approach toassess the product market inputs and stocks of selected waste streams leading to

the waste generation.

TheMultivariate SalesStock-Lifespan methodis used to determine stock and flows oEEE From
this model, applied in several EU member statgthe required modelling parameters are extracted.
This is used in a common methodology for which the market inpc@amponent isdetermined by
the apparent consunption methodand subsequently the WEEE generated volumes are calculated
by using the lifespan parameters in aaleslifespan approach The WEEEIata model is written in

R (a programminglanguage and environment for statistical computing angroducing ofgraphics).

Asimilar saleslifespan approachis also applied to determine battey stocks and flows similar to
the WEEE approach, where for the sales component the déagprovided by the industry partners
Eucobat and RechargeHere,the data model is castructed in Excel. For vehicles, stock-ifespan
approachis used andthe model is constructed in Pythonin this case, the main data sources for
vehicle fleets is derived from Eurostat.

This deliverable consists of

1 This reportwhich isdescribingthe attributes, architecture and limitationsof the developed
product group specific datamodels and the highlights from the results

1 Three attachmentsin Excelwith the currentBATT, ELV and WEEE ds¢#s according to the
ProSUM harmonized formatThe attached datasets include data uncertainty and data
quality for each data point This is alsancluding any comments related to the data quality
assessment, the description of data consolidation steps where applicable, and the type of
estimation in cases where a measured data andidr coherent estimate was included e.g.
from extrapolation, interpolation, etc.Also included are all sources used and their
(temporary)y metad at a | D6s as they will Thedataseteale i n t h ¢
also providedinternally in the ProSUM project for use within WP5 to populate the unified
ProSUMdata modeland to further develop the necessary programming



EXECUTIVE SUMMARY

This Deliverable describes theindividual stocks and flow modelsfor BATT, ELV and WEBEEe
outcomes ofthe modelling work and the resultinglatasets. For each of the product groups the
relative availability of data limits the extent to which stocks and flows can be modelled.
Furthermore, the techniques used for modelling are based on the extise of the relevant ProSUM
partners and, as a result, differ for each of the product groups. For BATT MS Excel is used, for ELV
it is Python and for WEEE it is R (anguage and environment for statistical computing and
graphicg and MS Excel. Howevethe unified data model previously developed within ProSUM
allows the results of stock and flow modelling for each product group to be harmonised.

Two versions of Input Output Analysis (IOA) have been useddietermining stocks and flows of
products. Thevehicles stocks and flows data model is based ostockdifespan approach and the
batteries and WEEBtock and flow analysids based onmultivariate sales-stock-lifespan analysis
Both models are structured ima similar way butthe calculation sequenceis different. The stock
and flow modellingis in placeand is functioning but does needfurther reconciliation linked to WP2
and WP4and for D3.4 and D3.5 work.

TheWP3work was conductedby executing thefollowing steps:

Model selection (completed irD3.1)

Arranging data accordinglyp@artly completed in D3.1)

Harvestingof data (completed in D3.2)

Processng and consolidating thedata, (partly covered in D3.1 and D3.2and completed

here in D3.3 for EEE and ELV and partly foABTwith an overview of results provided in

Chapter 3 below).

5. Describing the consolidation procedure including specification data quality, uncertainty
and metadatafor all sources used(Finalised as a first complete dataset for thi$3.3).

PN PE

Battery results

Preliminary researchin D3.1 and D3.2 conclued that it is necessary to conduct the stocks and

flows modelling, not only according to the BATT skibys, but also differentiatingbetween the

different applicationsin which batteries are embeddedsuch as EEE ad vehicles Alist of 50

combinations of keys, sulkeys and applications for the stocks and flows modelling was developed.

Compared to the status quo presented in Deliverable 3.1, the coverage of the collected data has

been considerably expanded, and thmodelling approach has been tested. Preliminary results for

laptops and tablets for the European Union as well as Switzerland and Norway are presented as

the proof of principle of RurtherdalaRkvil lbeGohdavdilable imoni s e d
early 2017 and this will enable stocks and flows modelling to be finalised for BATT.

Key imitations and uncertaintiesare related to parameters used in the modellingrheyare subject
to a range of uncertainties regarding the use of average weights per batte the lifetime
distribution, the POM volumes, and the national data.

Vehiclesresults

Following on from the work undertaken irD3.1, the vehicle stockilow model has been
implemented and preliminary results are availableThe focus in this Deliverablés on testing,
verification and integrationof all available data The greliminary outpus are now availableand can

be tested. In terms of the project requirements, the model is capable of expressing stocks and
flows of vehicles inside the ERB + EuropeanFree Trade AssociatiorHTFA, to a granular level of
detail (vehicle keys)which is both novel and a prerequisite for linking the vehicle flows to the
product (WP2) and waste stream composition (WP4).

WEEFResults
Similar to ELVthe WEEEstock and flov modellingis implemented withessentially completeddata

specifications.In addition, thestock and flow analysisadopts previouspublishedresearch for the

6



WEEEArticle 7 common methodology report. A dedicatedcript is written in R by Statistics
Netherands enabling the public release ofthe stocks and flowsmodel including the amounts
placed on the market.A detailed instruction to construct and to downloathe source data files is
givenat https://github.com/Statistics -Netherlands/ewaste

The openstocks and flowsmodel also provides uses the optionto export data in XLS formafThe

stock and flows modeis specificallycategoise d accor ding to the O6ProSUM
(in both UNU Keys and recast WEEE directive categories in Annexatid) allows for filtering and

updating for new electronic products.It is important to note that his work is ongoingdue to the

huge amaunt of measured raw data availableThis work is ongoing, for example, to update data

for PV panels (UNU key 0002), correction of odd average weights and product count combinations

in cases where the multiplication is plausible, but the underlying parameseare not realistic.

Next steps for BATT, ELV and WEEE

The stocks and flowsare quantified and available for further reconciliation and programminig
WP5 and allows the continuation of WP3as planned for theupcomingDeliverables 3.4 and 3.5
aiming to link the product stocks and flows with the compositionakork from WP2 on product
composition andfrom WP4 for waste stream compositions.

Using the principles for the EWUMKDP architecture, the outcomes and detailed calculation
sequences of the individual stock and flow models for BATT, EEE and ELV are now structured
according tothe ProSUM single unified data modedhown in the figure below The unified data
model will linkproduct composition (WP2) and waste stream composition (WP4) with stocks and
flows. It is important that dataconsolidationis harmonisedaccording to theProSUM data quality
parameters explained inD2.5, D3.2 and D4.2 This will allow for error propagation analysis and

full assessment of the results over the entire calculation schema from elements to materials to
component and products and flowss well asa uniform way of describing all sources used.

D2.5 CRM data consolidation and Datasets
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https://github.com/Statistics-Netherlands/ewaste

1. Introduction

1.1. Aim of the deliverable

According to the Description of Action, this Deliverable 3.3 addressaad analysesdifferent
modelsfor characterising stocks and flowsn order to determine the required sophistication level
needed for WEEE, BATT and ELV, givbe data quality, uncertainty,and availability of different
data. Sincekey modelling decisions for the respective product groupse takenin D3.1 and in the
stock and flow modelling discussionin WP3, the aim of this delierable goes beyond selection of
the desired stockand flow quantification method For WEEE the airis to consolidate and finalise
available data For the BATT and ELV, the aigto continue the data gathering in D3.1 and D3.2
to selectthe stocks and flows model, and to consolidate all findings.

From section 1.3 of Deliverable 3.1a set of basicquantification methodsin D3.1 including thea)
Time Stepapproach b) Market Supplyor sales lifespan approach c) Stocklifespan approach d)
Leaching Mode] the most appropriate model has been selectedfor ELV and BATT. For EEB\U
developed and has applied herethe e) Multivariate Salesd Stock- Lifespanapproach from which
specific lifespan parameters are extracted for use in a more diregersion of the sales lifespan
approach (b). Based on previous analysis, a saled lifespan model(b) is also being applied for
BATT For ELV, due to the highest quality of dataeing available for vehicle fleet sizesa stock d
lifespan model(c) is being used

Thesecond aim of this deliverable is tprovide acomplete, harmonisedapproachaccording to the

classificatiors developed in Deliverable 5.3This is aligned wittwork undertaken irt

w Deliverable 2.5 on the product composition: Here the focus isn the composition of
individual products, components and materials to determine composition(s) (trends).

W Deliverable 3.3 on the product stocks and flows: Here the focus is on product characteristics
such asaverage weight and lifespan resulting from thmodel in order to compare against

the respective information in t heFigarel).l ect ed a
w Deliverable 4.2 on the waste flows. Th®&VEEEgenerated amounts are compared to the
actual measured product cHdnval ues)henvirguaues

from the composition and stocks and flows, the availablefeand cf plus mH) steps are
included. These will be frther elaborated and consolidated byJune 2017 when the
scheduled data reconciliation process is finalised.

f - Waste flow
p - Product

¢ - Component

Utilising data fromWP2 and WP4, aingle inventory has been developeth order to describe all
sales, stock and waste (flow) information in a consistent manner and to allow WP5 to further
develop the programmindor data presentation in the EHUMKDR This includes recent updateso
the cade lists derived from additional analysiand description ofthe meta-data for both individual
sources andthe entire stocks and flows datasets for BATT, ELV and \EEE

Figure 2 shows the position of this deliverable in relation to other deliverableés ProSUM
Deliverables 3.33.5 cover the stocks and flowsmodel development forend of life products

8
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the methodology used for CRM stocks and flows modét. D3.3 data models are processed and
prepared for the database developed within WREHJFUMKDP)

D2.3 Factors affecting CRM
composition

Start: M3 Finish: M21

D2.4 CRM trends
Start: M12 Finish: M27

D2.5 CRM Data Start: M12 Finish: M24 D5.6 Creation of the
Consolidation e ~ l metadata system
Start: M12 Finish: M24 : inish:
D3.4 CRMs Stocks and D3.5 CRM Stocks and start. M7 Finish: M30

D4.2 Waste Flow Studies
Start: M1 Finish: M12

WP3 Product Stocks and Flows
Start: M1 Finish: M34

D3.1 Product Stocks
Start: M1 Finish: M15

D3.2 Compl. flows
Start: M3 Finish: M18

D3.3 Product Stocks and
Flows (methods)

D5.2 SRM Availability
Start: M10 Finish: M30

Flows Model (dbase)
Start: M19 Finish: 30

Flows Methodology
(report) S: M19 F: M30

—

D5.7 Development of
the EU-UMKDP

| ] Start: M1 Finish: M34

L 1 J
Yy
D3.6 Stocks and Flows
Protocols

Start: M19 Finish: M34

1.2. Overviewof methodologies
The following are available methodologiedescribed in the literature (Wang et al., 2013) which
have been consideredor stocks and flows characterisation

1 Disposal related analysisuses WEEEdata obtained from collection channels, treatment
facilities and disposal sites. It usually requires empirical data from parallel disposal streams to
estimate the overall generatin (Walk, 2004).

1 Group/comparative analysisof qualitative and quantitative variables gathered from the
different strategies within the scope of the study i.«ompare with different regions, countries
and appliances. This approach is not used for the theavaste groups, rather the reverse: after
waste generation determination, these amounts become the starting point for the further
waste flows (see also deliverable £1 and deliverable D3.2).

1 Time series analysis (projections modeljorecast the trend for WEEE generation by
extrapolating historical data into the future. It can be also applied to fill in the gafor past
unknown years from available datasets. This approadtas not been applied However, after
determining waste generation numbers, interpolain for countries, or UNU or BATT keyhe
approach may be used oncases with relatively complete data to cover instances of no or
incomplete data.

9 Factor/correlation models are based on hypothesised causal relationships between
exogenous factors like poplation size and income level versugVEEEjeneration (Huisman et
al., 2008; Huisman, 2010). With developing more advancddput Output Analysis (IOA)mass
balance based approachesre preferred.

1 Material Flow Analysis (MFA), quantitatively evaluates theusces, pathways and final sinks of
material flows. Ofteninput output tables are used to feed the analysiSVIFA also referred to
as Substance Flow Analysiss the analysis of a set of material flows, stocks, and processes
within a defined boundary (e.ga region, country, a private household, etc.) (Brunner and
Rechberger, 2004). The system boundary is defined in space and time. It can consist of
geographical borders (region) or virtual limits (e.g., private households, including processes
serving the pivate household such as product residence time, waste collection, etc.). For the



purpose of this project, the default geographical boundaries are the national territories of the
EU member states (Brunner and Rechberg&004).
9 Different versions of MFA maels include:

o Time step modé the approach is based on measuring detailedhanges in the stock
within a period in a systenwhich equals the difference between the total inflows and
outflows (Araudjo et al., 2012).

Market supplymodels estimatewaste generation from product sales in all historical
years with their respective obsolescence rates in evaluation year (StreicRerte et al.,
2005; Jain and Sameer, 2006; Oguchi et al., 2008; Dwivedy and Mittal, 2010).

Stock and lifespan model, which combines time-series stock data with lifespan
distributions of products can also estimateNEEEgeneration (Binder et al., 2001,
Muller et al., 2009; Walk, 2009).

The leachingmodel calculatesthe WEEEgeneration as a fixed percentage of the total
stock divided bythe average product lifespan (van der Voet et al., 2002; Robinson,
2009; Chung et al., 2011; Araujo et al., 2012)

Multivariate SalesStock-Lifespan model is an advanced and flexible method, which
can be used when multiple datasets are available. It was deloped for the Dutch
Future Flows study (Huisman, 2012) and it links product sales, stock and lifespan data
to construct mathematical relationships between various data points, based on best
available data to calculate WEEE generate@ee Section 2.3 formore details. By
applyingthis method, the data consolidation steps facilitate the production of more
comprehensive time series datasets from the available datasets, which increases the
reliability of WEEE estimates (Wang et al., 2013; Magalini et al., B)1

Data sources in literature and various options for stock and flow estimation methods, in particular
IOA methods (also called mass flow analysis methods), have been reviewed. For thesA IO
methods, in simple terms, at least two parameters must be knowestimated, or otherwise defined

to determine the waste generation: that means two data points from sales, stocks and lifespan as
the three main parameters (Wang et al., 2013). A summary list is availableTiable 1. A more
detailed data inventory is available ieliverable 3.1,Annex 2.

Variables and data requirements

Lifespan
Estimation Model Sales Dis.* Stock Di age Average Key references
Cont.* IS cont. IS distributi |lifespan

on
A. Time Step Model “H “H Oguchi et al., 2008; Yu et al., 2010, Araujo et al., 2012
BL. Market Supply Model “H Melo, 1999, Yang et al., 2008, NemaNord, 2009
(Distribution Delay) '
BZ.' Market Supply Model "H "H |vander Voetetal., 2002
(Simple Delay) . .
B3. Market Supply Model " H Kang and Schoenung, 2006; Peralta and Fontanos, 2006; Dwivedy |
(Carneige Mellon method) . . Mittal, 2010; Steubing et al., 2010
C. Stock and Lifespan model "H “H Muller et al., 2009; Walk, 2009; Zhang et al., 2011

. " " van der Voet et al., 2002; Robinson, 2009; Chung et al., 2011; Aradj
D. Leaching model H H
: : al., 2012

E. Multivarate Sales-Stock- - " " Wang et al., 2013
Lifespan model ' ' )
b2GSY WY/ 2yidQQ YSIya (KFG O2yliAydz2dza RFGlFI&SGa Ay GKS OdNNByd FyR |kt

current evaluation year) are sufficient for calculation.

The different methods for characterising stocks and flonabove have been analysed in order to
determine the appropriate choice for the model type and sophistication level in relation to the data
availability and quality for ProSUMErom past experience, NU developed the advanced specific
method (E) that can handle different data sources when multiple sources for all three key
parameters are availableBy combining and judging the plausibility ohultiple data setsthat have
their confidence levels speciéd, advanced solvings used toevaluate the most plausible solutions
when considering different data sources with different data qualities. For EE&,the detailed
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country studiesin the Netherlands (Huisman et al., 2012), Italy (Magalini et al., 2012Belgium
(Wieknga and Huisman, 2013), France (Monier et al., 2013), Romania (Magalini et al., 2015b)
and Latin America (Magalini at al., 2015a)the Multivariate SalesStockLifespan method (E)s
used. This detailed analysis method, which only functionsrfmultiple and high quality data
available in some countries, enables the derivation of key parameters like lifespans, split factors,
estimates and correlations. These in turn are usefr EEE with thanore simplified methodsB to
analyse future data in amore streamlined manner for future yearsnd for all EU28+2 countries.

In section1.2, these parameters are used in the method B1 in the table above. The stocks and
flows modelhas beenbuilt using a unified and robust mathematical approach following aconon
modelling methodology for all product groups. The same approach is used for BATT stock and flow
modelling. In the case of ELV, the stoditespan approach (method C) is more suitablsince
relatively reliable data is available on the vehicle fleet €2n Europe.
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2. Model forstocks and flows ofend of life products

This chapter provides thenodel characteristicsfor BATT, ELV and WEEEing the methodologies
described insection 1.2. This chapter alstighlights the moded Bmitations. TheWEEE datanodel
written in Rhas beenadvancedand an ELV modeblevelopedin Python.TheBATT data model is in
preliminary stages and will be completeth March 2017.

2.1. Model for BATT (extended from D3.1)

2.1.1. Model attributes
As explained in Section 1.2 andn Deliveralde 3.1, the BATT stoailifespan based model requires
three types of data:
1. Volumes of batteries placed on the market (POM) in weight and/or units #tyears and
countries;
2. Average weight of the batteries (which can be calculated when the POM volumes are
available both in weight and units)and
3. Data on the lifespan distribution, gathered experimentally by checking the age of collected
waste batteries, and modelled, using a Weibull function (see Deliverable 3.1)

According to the ProSUM classification, haties are categorised into 6 keys and 17 sukeys.
Most batteries (except the single cells sold separately) are placed on the market embedded in
products like EEE and vehicles.

Although some data are valid for a BATT key without regard to the productythee embedded in
e.g. most data on CRM mass fractions, some data also depend on the product in which they are
embedded. This is usually the case for the average battery weight and for the lifespan distribution,
which may be product and battery type spedif For example, leadbased batteries in vehicles have
different lifespans to industrial leadbased batteries and also a different lifespathan the vehicles
they are embedded in. This results in the necessity to conduct the stocks and flows modelling not
only according to the BATT sthteys but also differentiatingor producttype. Based on the available
data and the relevance in terms of CRM content, a list of combination of keys, sdys and
applications for which the stocks and flows modelling is condied separatelyhas beendeveloped
shown inTable2.
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UNU Key or

Key Subkey Application Subkey Comment
Portable PC 030301
cell phones 0306
battLiCoO2 cameras/games 0406
ebikes 0703
Medical 0801
cameras/games 0406
UNU keys 02xx, 03xx,
others portable 04X, ngx
ebikes 0703
battLiMn PHEV
BEV
forklift, handling
. equipment
battLiRechargeable Others industrial
Portable PC 030301
tablets 030302
cell phones 0306
cameras/games 0406, 0702
cordless tools 0601
. UNU keys 02xx, 03xx,
battLINMC others portable 04xx, 06yxx
ebikes 0703
HEV
PHEV
BEV
Telecom 0301, 0305
battLiMnO2
battLiCFx No differentiation of
battLiPrimary battLiFePO4 the subkeys in the
battLiSO2 available data
battLiSOCI2
cordless tools 0601
battNiCdSealed others portable UNU keys 02xx, 03xXx,
04xx, 06xx
battNiCd security lighting 0901
battNiCdVented | or>
Military/space
Others industrial
Portable PC 030301
cordless tools 0601
battNiMHSealed UNU keys 02xx, 03xx,
others portable 04xx. 06XX
battNiMH ]
HEV
No data available,
battNiMHVented very low volumes
expected
cordless tools 0601
battPbSealed SLI
ebikes 0703
battPb forklift, handling equipment
battPbVented Telecom 0301, 0305
UPS
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grids

Military/space

Medical 0801
Others industrial

No further
battZn battZn differentiation
02xx, 03xX,
others portable 04xx, 06XX?
ebikes 0703
battOther battOther UPS
grids

Others industrial
Abbreviations: PHEV: Pldg hybrid electric vehicle, BEV: Battery electric vehicle, HEV: Hybrid elecéficle,
UPS: Uninterruptible power supply, SLI: Starting lighting ignition

The stocks and flows modelling differentiates 23 types of lithiimsed rechargeable batteries,
groups all lithium-based primary batteries together (due to missing datagnd further groups6
types of NiCd batteries, 4 types of sealed NiMH batteries (vented NiMH batteries are neglected),
10 types of lead based batteries, all zinbased batteries together, and 5 other batter types In
total, 50 different stocks and flows models wibe compiled to cover the different types of batteries.

2.1.2. Model architecture
The modelling is condcted using theMicrosoft Excelspreadsheets The parameters to be entered
into Excel are:
1. POM for each year of a defined geographical area
2. Weibull parametes of the lifespan distribution and
3. Average weight of the battery tallow for data on POM volumes, stocks and generated
waste both in weight and in number of units.

Based on the data, the file calculates the stocks and the modelled generation of wastatteries

in the year t by multiplying the POM volume at year by the probability that a battery that entered
the use phase at ¢ exits use as a waste battery at timert The total modelled generation of waste
batteries for the year X is the sum of thgeneration in year X of batteries put on the market in all
years before X. The stocks are the sum of the batteries already put on the market but not yet
generated as waste:

"YO & 'OLQ i

00 0Q&'Qdn 60 "YYW @0 QdN0E Q1 @) GO VO QN

Several data sources were combined to getata on the flow (f) and the flow composition (i)
related to POM batteries
1. (Avicenne 2016) provides data on the volumes of rechargeable pable, industrial and
automotive batteries put on the European market
2. (EPBA 2015) provides national data on the volumes of portable batteries put on the
market, and therefore the percentage representing the share of the national battery
markets compared b the European market. Tése data are consistent with the Eurostat
data on portable batteries POM, but they are more comprehensive, because they cover
more countries
3. (Eucobat 2016) provides data on the shares of the different types of batteries POM. The
overall Eucobat average was considered to be the European average. For some countries,
national data are available
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4. National authorities like the ADEME (SYDEREP, 2015) in France and the UK Environment
(Agency 2016) provide detailed data on the types of btieries POM on their national
market.

5. (Eurobat 2013, 2016) provides data on industrial batteries complementing the Avicenne
data.

Table 3 provides a comprehensiveverview of the data sources combined. All data sources offer
useful data and have limitations. The metadata of each dataset document the origin of the data
through a reference to a publication or a description of the decisions taken to select or calculate
the most accurate data.

Recharge DEIE o)
Geographical coverage | Application abilit 9 electrochemical
y systems
‘g o] 0 © =
Data source S = o 2 k] =)
= S o | B8] & B EF
8 g 9 g | & S § | 3 o823
o 2 £ S| 3| & = > | gEg o2
=] [ o = © O = (@ oE| o€
w 2 o < = 14 o > nNT| Z2=
Avicenne X X X X X X
EPBA X X X X X X
Eucobat Eucobat members X X X X X
Nauong_l X (some X X X X X
authorities countries)
Eurobat X Some X X X X

Data on the average weight of batteriet® convert data in weight (mostly tonnes) to uniere mostly
provided by (Avicenne 2016) (Table 4) and (Eucobat 2016). For some battery types and
applications, the available data reflect these variations of the average weight in time and location.
For the battery types for which the aviaible data is not reflecting these variations, the data quality
is estimated to be lower.

Link to UNU

BATT Sulkey Application Keys 2011 2012 2013 2014
battLiCoO2 and
. 0.30 0.30 0.33 0.29
battLiNMC Portable PC 030301
battNiMHSealed 0.62 0.62 0.62 n/a
battLiCoO2 0.02 0.03 0.03 0.03
- cell phones 0306
battLiNMC 0.03 0.03 0.03 0.03
battLiCoO2 and
battLiNMC cameras/games | 0406 0.18 0.17 0.17 0.17
battLiCoO2, LiMn and
. ! 2.28 2.22 2.22 2.22
battLiNMC ebikes 0703
battPbSealed 7.58 7.50 7.50 7.50
battLiNMC Tablets 030302 0.16 0.14 0.12 0.13
battLiNMC 0.35 0.32 0.36 0.37
" cordless tools 0601
battNiMHSealed 0.69 0.69 0.69 0.69
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Link to UNU

BATT Sulkey Application Keys 2011 2012 2013 2014
battNiCdSealed 0.88 0.85 0.90 0.92
battPbSealed 141 1.40 1.40 1.40
battPbSealed SLI 18.94 18.75 18.75 18.75
battLiNMC HEV 5.66 5.44 5.44 5.44
battNiMHSealed 15.40 15.40 16.90 16.90
battLiMn and

battLiNMC PHEV 58.50 55.60 55.60 55.60
battLiMn and

battLiNMC BEV 160.80 | 155.60 155.60 155.60

n/ a: not available

Data on the lifespan distribution of portable batteries were collected in 2012 by Bebaind
presented at the International Congress foBattery Recycling 2014 (Bebat, 2014). These data
were used for testing the stocks and flows modelling. These data are currently being refined by
Eucobat with a more comprehensive study in six European countries. The data will be available for
the modelling in February 2017. The stock and flow analysis will then be updated atmhsolidated.

The data from the different sourcetiave beencompared and combined. Each dataset on batteries
POM, lifespan and average weight displays the data source, which can ibe¥ a reference to a
publication or a metadata, in which the decisions taken to select or calculate the most accurate
data were documented.

2.1.3. Model limitations
Al the parametersused in the modelling are subject to a range of uncertainties:

Use ofaverage weights per unit

The diversity on the battery markets in terms of technical requirements for the batterighe
product in which the batteries are embedded, economimonstraints etc. lead to the fact that the
characteristics of the batteries, inclding their weight, can vary considerably. Even though this
range is intended to be reduced by differentiating some main productseg Table 4), the
uncertainties on tre average weights are high. For some battery typegbe average weight of a
battery may depend on time (e.g. batteries in laptops got lighter over time) and location. For some
battery types the available data reflecthese variationsfor the average weighin time andlocation.

For the battery types for which the available datioes not reflect thesevariations, the data quality

is estimated to be lower.

Lifespan distribution

There area high number of variables affecting lifespare.g. disposal ofthe product in which the
battery is embedded, the representativeness of the waste battery collection channels against
battery waste generation and the representativeness of the sorting and sampling procedure
Consequently, the Weibull modelling, evewhere the correlation coefficients are highmay not
exactly depict the reality of the lifespan distribution. Geographical effects on the lifespan
parameters are described in a limited measurat present, becausedata willsoon be available for
six countriesfrom the current Eucobat study

European data on batteries placed on the market

The available data do not present a comprehensive view of the batteries POM with the level of
detail required for the modelling, so that different sources of data were combith as described in
section2.1.2 and in the metadata of the datasets. Each data source brings uncertainties, and the
combination of several data sources leads to higher uncertainties due to the error propagation.
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National data on batteries placed on thenarket

For each category of battery as defined ihable2, the European data on the weight of batteries
POM were multiplied by a percentage representing the share tietnational battery markets
compared to the European market to calculate the weight of batteries POM in each country. Due
to limited data, in most case the same percentage was used for all types of batteries, even though
some countries may have a larger arket for some types of batteries than for others. For example,

it may be expected thahighlyindustrialised countries like Germany or Belgium are, proportionally,
bigger markets for industrial batteries tha less industrialised countries. This is not réfcted by
the available data due to limited sources of national data. Also regional effects on the average
weights cannot be described quantitativelgt present.

The combination of all uncertaity factors leads to uncertaintiesin the modelling results. Tie

results indicate trends and give orders of magnitude of the expectgeneration of waste batteries
and of the stocks They should be used with caution bearing in mdrthe uncertaintiesand error

propagationrelated to the uncertainty in a range of paraeters used to make the calculations.

2.2. Model for ELV (extended from D3.1)

2.2.1. Model Attributes
The stockdifespan model for tracking the vehicle fleet is written in Python with the overall aim of
keeping stockflow consistent overall subsets(based on the vehicle keys described belowf the
fleet in the EU. Achieving this requires the following:

1 Separate tracking of every subset of the fleet (i.e. vehicle keys)

I Maintaining stockflow consistency for the whole lifecycle of each vehicle kéyclusive of

trade between regions
1 Consistent tracking of the age of every subunit between time perigasd
1 Support for inference and interpolation

2.2.2. Model Architecture

Data representation

The fundamental unit of the model is a vehiclgpiece) and t he corresponding a
groupd, is a quantity of wvehicles with the same
of the vehicle (engine type, etc.). The reasdar this basic unit is that the other propertiese.g.

age, loation,can vary with time or trade butTheoveralvehi cl
model thus tracks vehicles through their lifecycle from POM to endllife and is analogous in
architecture to a massflow model (MFA)with the baseunit of pieces rather than mass and with

vehicle keys instead of different substancedt is possible to view the modebutput using mass as

an alternative unit, but the conversion isnferred from unit mass averages in the primary data

sources and the internal basic unit is always in vehicle piecedhe inference method incurs a
substantial penalty in estimated error when considering the results based on mass.

Within each stock and flowvithin the model, the data is subdivided into both countries and years.
Any quantity of vehicles (pieces) is represented internally as an age distribution, i.e. the individual
ages of all vehicles in a vehicle group are maintained as a vector, with the quanbieing the sum.
The model logic assres stockflow consistency by enforcing rules for allowable data
manipulations. As an example, comparing two stocks from different years, the model will enforce
that the age distributions are updated to the same base ge. Finally, eachgroup can be tagged
with arbitrary data, such as average mass, and the model allows rules to be set for how to preserve
or update this supplementary data The addition of supplementary data is both useful and
necessary as itallows bothricher visualsations, and better linking with other work packages and
thus full compliance with the PROSUM data model specification.
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Vehicle Keys

Thespecification for the different vehicle groups that the model tracks and the derivation of their

unique reference (the vehicle key) ishown in the following table In addition to the keys that the

model tracks, several primary data sources use a different keying convention. These keys are
converted when the data is imported and are not tracked past that paejralthough the EUROSTAT

representation of age is trivial to regenerate given an age vector.

One group existswithin the model for every combination of vehicle key, model stock or flow,

country, and year of the modelThe distinctionbetween vehicle keyss necessary to couple vehicle
flows with their components and mass contentlt is necessary todistinguish betweencountries

and time periods to link national scrappge data to the flows and because the CRM content of

vehicles and therefore, that of ELV flows may change with time.

VEHICLE KEYS e.g. V01010203 = car, petrol, <1400cm?2 cylinder, 1250-1499kg

1500-2499 cm3

>2500 cm3

Oa | Type Ob | Drivetrain type | Oc | Engine 0d | Weight (Age)
Displacement
0 | Unknown 0 | Unknown 0 | Unknown 0 | Unknow Preserved as
0 0 0 0|n
0 | Car 0 | Petrol 0 | <1400 cm3 0 | < 1000 vector with
1 1 1 1| kg
0 | Light 0 | Diesel 0 | 1400-1999 cm3 0 | 1000- individual
2 | Utility 2 2 2 | 1249 kg years
Vehicle
0 | Liquified 0 | >2000 cm3 0 | 1250-
3 | Petroleum Gas | 3 3 | 1499 kg
(LPG)
0 | Natural Gas| O | no cylinder (only| O | > 1500
4 | (CNG) 4 | for drivetrain | 4 | kg
keys 0,6,7,8)
0 | Hybrid
5
0 | Plugin hybrids
6 | (PHEV)
0 | Battery or fuel
7 | cell vehicles
(BEV/IFCV)
0 | Other (flexifuel)
8
Additional keys in primary sources, converted during data import
SOURCE: ICCT drivetrain COMEXT cylindet EUROSTAT
age
1 | PHEV+BEV 1 | <1000cm3 0 | Unknown
1 1 0
1 | LPG+CNG 1 | 1000-1499 cm3 0 | 0-2 years
2 2 1
1 | 1500-2999 cm3 0 | 25 years
3 2
1 | >3000 cm3 0 | 5-10 years
4 3
1 | <1500 cm3 0 | 10+ years
5 4
1
6
1
7
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The modelincludes the following stocks and flows:

Domestic new vehicles

Registered ELV
Scrapping

‘POM’
New registrations

INFLOWS ,

VEHICLE
STOCK

7

7 OUTFLOWS

Imported new vehicles

Non registered

Undocumented ELV scrapping

Flows

Illegally dumped

Primary Data Exists Exported for

scrapping

To ‘passive’ stock
Residual Value

The stock at time (t) is calculated as
Stock(t-1) + net trade flows(t) HPOM(t) & end of life flows (t).

This formulation of the calculation is consistent with hown¢ EUROSTAEee Table6) align dates
e.g. the stock is reported as it was at the end of the calendar yeand with the methodology in
other available literature e.g. (Oko institute, 2010).

2.2.3. Execution
The model has four stages:

1. Intake of external data data from the primary sources is read and converted into a
unified format including checking units and assigning vehicle key fragments where
possible.

2. Data validation the data is checked for consistengythe full vehicle key specification is
enforced (vehicle key fragments are combined), and additional data such as mass is
attributed to the fully specified vehicle keys.

3. Internal inference the remaining aspects of themodel that are not directly supplied by
primary data sources are inferred through various algorithms.

4. Final calculation and output The stockflow model is run through all time steps and the
complete data set is output into the common harvesting format.

Intake of external data
The primary data sources for the intake are as follows:
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Model Component
POM

Vehicle Stock

Internal (between included
countriesd) Trade second hand
External(outside included
countries*) Trade secondhand
ELV

Keys / Data Items

All

PHEV, EV, Hybrid additional
detail

All

Certain years additional data:

All

All

Vehicle Number, Total Mass
Switzerland additional detail

Source
EUROSTAT, 2016

ICCT 2016, proprietary data

EUROSTAT, 2016
ACEA 2010, ACEA 2014

COMEXT, 2016

COMEXT, 2016

EUROSTAT, 2016
EMPA

Calculated can be compared
with aggregate figures from

Deregistrations Al EUROSTAT, 2016 and ACEA
2010,2014
UndocumentedFlow and Stock | All Calculated

* Included countries are the EU28 + ETFA (Norway, Switzerland, Iceland)

The data is compiled into a single input spreadsheet for faster loading and reconciliation, but
individual data points can also be added separatelidncertaintyis calcuated for each country.

Data Validation
In this step, the input data is checked for consistency and prepared into a fully harnssd data
set with every entry assigned to a fully formed vehicle key.

The data is first checked for consistency as follows

9 Ensure that all units are harmorsied e.g. many Eurostat tables are reported in
60t housandsd rather than vehicles.

1 Check that subdivision®f a given keyfit into the parent key e.g. check that the sum of
all engine size subdivisions of a drivetrain typs less than the data for the drivetrain
total.

1 The remainder (the totaminus the sum of the subdivisions) is assighed to the unknown
key; to continue the examplethe difference between the value for petrol and the sum of
all petrol cylinder size data pints is keyedas unknown engine size.

1 Check that the sum across various model attributes is equal to aggregates that exist in
primary data e.g. that the sum of a group in all countries in the EU is equal to that
reported for the EU as a whole.

The nextstep isto combine vehicle key fragmentsThis is necessary because there is no unified
primary data covering all vehicle keys:igure4 below shows low data is structured in the input
datasets referenced inTable 6. One can see for instance that EUROSTAT reports the full
distribution of drivetrain and cylinder capeity keys for each country, but the mass and age keys
are reported i n dtbédombinedfrom thegpbimary sourtehat canad
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Eurostat POM/Stock total Eurostat POM/Stock total | | Eurostat POM/Stock total
Country Drive key Eng. Size key Country Mass Key Country Age Key
[] [ [] []
unknown unknown unknown unknown
COMENXT trade flows (2H import, export) Eurostat ELV
Country Drive key Eng. Size key Country # Vehicles
from/destination
v ] N
N I [] [-]
unknown unknown

Tounify the input data into thefull vehicle key specification, it is therefore necessary to attribute
the age and massvehicle key datainto the drivecapacityset of vehicle key fragmentsAt present
this is done by assuming that each country/drive/size e¢nbination has the same mass and age
distribution as the corresponding country/mass or countryfge distribution for that year. Each
drive-capacity data point thus becomes four driveapacitymass data points with relative weight
from the country/mass distibution and ensuring that the total number of vehicles is the same
before and after. This approach is not idealHowever,the potential error introduced by this step
is very low for the vast majority of the data seis included in the reported errorsand is mitigated
by the age reconciliation process described later.

Following this step, other data sources, such as POM data for PHEVs, BEVs, and hybrids from the
ICCT (ICCT, 2016), are patched into the model, updating or replacing the EUROSTATwkeys
necessary. As an example, the hybrigthicle (HEVjotals are included in EUROSTAT as part of the
gasoline drive total, but can be found as a separate data point in the ICCT data. To use the ICCT
data, a group of hybrid vehicles is created, but the creati of the new HEV vehicle group also
removes the corresponding quantity of vehicles from the gasoline group in the same country/year.
The model allows for subdivision of existing groups.g. gasoline to gasoline and hybrjdand
enforces numerical consistency for the operation.

Internal inference

In this model stage, relevant parameters that are not in the primary data sources are derived
through various algorithmic operations. The mognportant arederiving the average mas for the
vehicle keys, transforming the EUROSHbImat age keys into a full age distribution, and
estimating the loss functions that are used for model projections into the future.

The ICCT data gives an average mass for the POM vehicles for a givenigesach country. Given
that value, and the number of vehicles in each mass key, it is possible to guess the average mass
of a vehicle in each mass group with a reasonable degree of accuratigese figuresare calculated

and attributed to the vehicle keysn each country, for each year of the model. Future values can
be either extrapolated from trend, or assumed to remain constant.

At the beginning of this step, the complete vehicle keys are implemented, but the age distribution

for each key is still in he EUROSTAT database format which groups the vehicles into four age
ranges (02 years, 25 years, 510 years, 10 or more years). Itis however possible to further refine
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these estimates to individual ageéuckets (0-1 years, 12 years,é , n years +). Thaipper limitis

set arbitrarily in the mode] in this project an upper limit of 30 is used. This step is not strictly
necessaryfor the historical database becausethe calculated components of the model (ELV and
complementary unknowrflows) can be derivedas all the other stocks and flows in the model are
available from the input data. It is however a desirable step, as calculation of the full age
distribution as well asmodellingthe loss functions (the probability that a vehicle of a certain age
in each \ehicle group reaches end of life each year) is important for improving the accuracy of
future projections.

Deriving the full age distributions is accomplished by a recursive algorithm that begins by
comparing the POM figure for the previous year with tBe2 year agebucket. This splits 02 years
into 0-1, and 1-2 year agebuckets. The 12 year agebucket can then be compared with the POM
figures for 2 years previousThe algorithm progressively widens in scope until a guess for all age
distributions is famed, that is consistent with all observed EUROSTAT data points.

Vehicle Key POM (t) Vehicle Key Stock at time t Vehicle Key Stock at time t
‘ __—»| 0-2years 200 vehicles 0-1 years 105 vehicles
Step 1: 105 vehicles 2-5 years ... —>| 1-2years 95 vehicles
Compute 0-1 year 2-5years ...
total for all years -
Vehicle Key POM (t-1) Vehicle Key Stock at time t Vehicle Key Stock at time t+1
Step 2: ) 0-1years 105 vehicles 0-1years 100 vehicles
€p 100 vehicles ~—— 1-2years 95 vehicles 1-2 years 98 vehicles
Compute 1-2 year, 2-5 years 2-5years
begin estimating loss ¥ v
function " @

Estimate for loss function

%

This process allows foderiving estimates for both the full age distribution as well as the loss
function of each national vehicle fleet at a vehicle key level of granularity. The loss function is
modelledafter a Weibull distribution whichis a continuous probability distribution thatwhen used

for stock and flow models, can be described as modelling the population given a variable and time
dependent failure rate. The model derives this distribution for each vehicle key and country, as well
as for any arbitrary aggregate (EU level] pktrol vehicles, etc.).

Calculation is considerably enhanced as the full age distribution for various national fleets is
available from ACEA for 2014 and 2010.

Final calculation and output.

With the vehicle key data now fully separated into an agésttibution from 0-30+ years, the stock
flow model can subsequently calculate the deregistered flows by calculating the projected stock at
t+1, and comparing it to the data for that stock.

Projected stock (t+1) = stock (t) + net trade flows (t+1) POM(t+1)

The difference between the projected stock and the recorded one is thus the number of
deregistered vehicles. Our model can supplement this identity with the full vehicle key and an
estimate for age distribution. Deregistered vehicles can either be ageed to ELV flows, or the
remainder is by definitiona complementary umlocumented flow. Given that ELV flows in crude
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units of number of vehicles (or mass) is recorded daE@UROSTAT, 2016)he model estimates

their composition in terms of vehicle keysrad age, with the difference in quantity being assigned

to undocumentedflows. The overall approach is for moshtent and purposes identical to that

taken by the(Okoinstitut,2 0 1 6) i n their investigation of o0miss
Forfuture projection, instead of using ELV data, the total deregistration can be estimated from the

inferred loss functiors.

2.2.4. Model Limitations

The primary limitations of the model are uncertainty. Uncertainty is very low (typicalb?d) in years
and model stocks and flowsfor which primary data existssince the data coverage is excellent.
Uncertainty is however comparatively high for the disibution of ELV flows. The reason is that
undocumentedflows are a significant fraction of the deregistered flows for all nations and all years
under study. This significantly affects the uncertainty of the vehicle key distribution of Eows;
because he only available heuristic for calculating them is to assume that the distribution of ELV
flows equals the distribution ofle-registrationsequals the distributionof undocumentedflows. We
currently possess some data for individual nations and years, aride model is capable of
integrating this data to improve the historical allocation of deregistered vehicles to ELV and dark
flows. Uncertainty is even higher when projecting future ELV flows. All of the uncertainty from the
distribution mentioned above $ present, but additionally, uncertainty from the Weibull fit of the
loss function as well as the unknowimpact of future events such as economic conditions or policy
drives, e.g.dcash incentives to scrap cars, dompoundsthe uncertainty thatalready exsts.

Another limitation of the model is that vehicles are treated as a monolithic unit, unchanging from
assembly to endof-life. This is certainly not the case; maintenance, spare parts, and upgrades over
the vehicle life are significant. This is more & limitation for using mass as the functional unit,
rather than vehicles. It does however mean that significant material flows, and changesCGRM
compositiondo occur that are completely invisible to this approach. Several cases of this (e.qg.
batteries) are handled separatdy in other areas of the project, but others (e.g. spare parts) will
lead to additional flows that are not capturedOnly passenger cars and light commercial vehicles
(less than 3.5t) are modelled. Buses, heavy commercial vehicles,dapther modes of transit are
excluded.

2.3. Model for WEEE (extended from D3.1)

2.3.1. Model attributes

The apparent consumption methodis used for the sales component othe Multivariate Input
Output Model asdescribed in Section 1.2The scripthas beenwritten by Statistics Netherlandslt
uses European production and trade statistics to estimate sales in weight of products. The script
also comes with data on life times oEEE and allowsfor calculation of the urban mine and to
forecast waste generatedMore details of the script and source code of data model can be found
here https://github.com/Statistics -Netherlands/ewaste

2.3.2. Model architecture

lllustrated in Figure6, the structure begins with the sale of a product, followed by thesidence
time, the time a product stays withthe consumer either in households or in businesses. This
includes the exchange of second hand equipment between households and businesses. This
period does not distinguish between product iase or dormant time. Depending on the sales and
lifetime profile, the product is disposedof. This is termed asNEEEgenerated.
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Sales r Multivariate Input-Output
POM (1) POM (t=2001) POM (t=2014) model
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market
. input 1
Stock Age Age D 1
2 distribution distribution 3

Historic market =1 POM (t=2000)
input

-
Stock Stock Level
Stock (n) [ stock (t=2015)
Stock Age Distribution Stock (t=2014)
Stock (n=2015) m Stock (t=2001)

Stock (t=2000)

Lifespan Residence time I

L(tn) parameters
1,2,3= Total deviation from input data -> Minimum sum
o of squares from input values from step 1-3
. WEEE (t=2015)
E-waste Disposal Age WEEE (t=2014)
WEEE (n) Distribution i -
WEEE (n=2015) WEEE (t=2001)
WEEE (t=2000)
Source: Enhancing e-waste estimates: Improving
data quality by multivariate Input-Output Analysis,
F. Wang, J. Huisman, A. Stevels, C.P. Balde
WEEE (n) = f[POM (t),5(t,n),L(t.n) ] Waste Management 33 (11), 2397-2407

Preparing source data sets of ProdCom and international trade

This series of scripts uses ProdCorand international trade data. It calculates the apparent
consumption and then estimates missing values and corrects outliers. The script uses two main
input data files for the calculations:

1 ProdCom data within EU, the figures for domestic production cabe taken from the
ProdCom statistics.

1 International trade data, EEE products produced domestically can also be sold abroad,
thus need to be corrected for by subtracting exports. Imports of EEE, on the other hand,
can also be consumed in the country of inget, thus need to be added to the total.

Each ProdCom code has one or more corresponding trade codes. With these codes, the EEE POM
for a certain type of equipment in a territory can be calculated with the following equation:

Apparent consumption =Domestic Production + Impor® Export

For some ProdCom and trade codes, the data is available in weight; in other cases, pieces are used
as the primary unit. In such cases, a conversion to weight is needed. In the context of this study,
the average weightetailed in Table7 has been retrieved from a detailed analysis carried out by
previous country studies in the Netherlands (Huisman et al., 2012)aly (Magalini et al., 2012),
Belgium (Wietnga and Huisnan, 2013), France (Monier et al., 2013), Romania (Magalini et al.,
2015b) and Latin America (Magalini at al., 2015a).
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UNU Average Weight UNU Average Weight

Keys 2005 2010 2015 Keys 2005 2010 2015
0001 30.85 30.85 30.33 0309 5.32 5.49 55
0002 12 20 20 0401 0.39 0.39 0.38
0101 67.12 59.73 13.23 0402 0.3 0.23 0.22
0102 45.46 43.31 40.76 0403 2.59 3.41 3.67
0103 45.44 47.65 42.56 0404 3.91 2.79 2.17
0104 71.38 72.36 57.59 0405 2.45 2.14 2.06
0105 43.23 4591 26.36 0406 0.54 0.29 0.29
0106 6.53 6.24 3.9 0407 28.6 n/a n/a
0108 50.63 53.07 49.78 0408 11.97 14.7 14.7
0109 43.91 44.07 37.86 0501 0.09 0.09 0.08
0111 26.66 26.66 17.5 0502 0.11 0.11 0.11
0112 41.29 41.18 23.42 0503 0.11 0.12 0.11
0113 107.81 94.14 56.23 0504 0.08 0.11 0.11
0114 20.59 22.88 16.63 0505 n/a n/a 0.11
0201 0.83 0.84 0.82 0506 0.47 0.47 0.41
0202 4.22 3.03 2.14 0507 2.67 2.67 2.48
0203 1.36 2.67 1.94 0601 2.92 3.32 5.89
0204 5.52 5.88 4.56 0602 16.79 16.79 11.21
0205 0.49 0.51 0.43 0701 0.45 0.45 0.42
0301 0.84 0.32 0.43 0702 1.7 1.7 1.97
0302 9.23 8.78 8.04 0703 7.37 7.37 7.37
0303 3.68 3.23 3.17 0801 0.18 0.18 0.17
0304 9.14 10.32 10.23 0802 67.06 14.02 1.06
0305 0.55 0.49 0.45 0901 0.3 0.37 0.57
0306 0.1 0.09 0.09 0902 551 551 4.71
0307 50.78 15.67 7.83 1001 44 44 12.01
0308 19.36 22 5.93 1002 92.22 92.22 29.42

n/ a: not available

A detailed instruction to construct and to download these source data files is givext
https://github.com/Statistics -Netherlands/ewaste The script also estimates confidential
ProdComcodes, statistical and manual correctionand also contains anupdate of the keys data
for UNU key 0002(PV panels), data corrections and how to back cast and forecadaced m the
market data. With the above mentionedlink, the basic source code in partular for the market
input data isavailable online.

Calculation of WEEE generatioand cumulative stocks

The WEEE generated is calculated by usingthpparent consumption and lifeycle profiles of each

of the product groups (UNU Keys). According to d&b E explained in section 1.2, the quantity of
WEEE generated in a specific year is calculated by a collective sum of discarded products that were
placed on the market in all historical years multiplied by the appropriate lifespan distribution. The
lifespan distribution reflects the probability of a product batch being discarded over time, thus
matching the definition of waste according to article 3 of the Waste Framework Directive.
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The change of stockswithin a period of time equals the difference betwan the total inflows of
sales and outflows ofWEEEN a system, and this follows the methodology in Model A (Time Step
model).

& 0008 YEOYE

whereW(n)is the WEEReneration in evaluation yean, POM(n)is the quantity of product sales in
yearn, while S(n)and S(n- 1) are the quantities of appliances in stock for sequential yearsand

n - 1 respectively (Aradjo et al., 2012). The method entails two types of data input: sales in the
evaluation year andstock data for two consecutive years.

The disposal age of @vaste in evaluation yearcan be calculated from historical sales and lifespan
profiles:

70 00008 o

where S(t, n)is the number of appliances in stock in evaluation year, which was originally sold in
yeart; L(c)(t, n)is the cumulative lifespan distribution from yeat to n, which reflects the total
obsolescence rates of products (sold in year t) during this period.

Total product stock size in the evaluation yeacan be calculated by:
31 00 0od o

where POM(t) is the product sales in the historical yeat= to is the initial year that product has
ever been put on the markett_(p)(t, n)is the discardbased lifespan profile for the batch of products
sold in historical yeart, which reflects its probabilistic obsolescence rate in evaluation year
(discarded equipment in percentage to total sales in ye&y (Melo, 1999; Murakami et al., D10;
Oguchi et al., 2010).

Stock age composition in the evaluation yeatan be calculated from historical sales and lifespan
profiles:

30 00008p O o

WhereS(t,n)is the number of appliances measured in stock in evaluation yearorigindly sold in
yeart, or has the stock age ofr( t) years;0 o is the cumulative lifespan distribution for
products sold in historical yeat, which reflects the total number of products that become obsolete
from yeart to n (Wang et al., 2014).

Thelifespan of a product differs between individual owner@urakami et al., 2010)and due to
social and technical developments the lifespan of a product is timedependent, so lifespan
distributions have to be modelled for each historical sales year. The Weibull distribution function
is applied to model the lifespan profile, defined by a timearying shape parameteA (t) and a scale
parametera ( (van Schaik and Reuter, 2004; Polak and Drapalova, 201:2)

n-t

LP t =n.A—t nt Atle &t
at At

Table8pr ovi(dsebsaple) and & (scal e) palntaPeoSUWEV pjeat, f
static lifespan per UNU keyhave beenused regardless of put on the market year
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