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Abstract

ProSUM — Latin for “I am useful” — aims to provide better information on raw materials from secondary origins.
It focuses in particular on the content of Critical Raw Materials (CRMs) from Batteries (BATT), Waste Electrical
and Electronic Equipment (WEEE), End of Life Vehicles (ELV) and Mining Wastes (MIN) available for pro-
cessing in Europe. Batteries are considered a highly relevant waste group in the ProSUM project due to the high
content of CRMs. The main goal of this paper is to provide an overview of the data collection and data analysis
for batteries and the materials they contain. In the research, it was necessary to develop a classification of batter-
ies and build the inventory of available data on their stocks and flows. It includes the amounts of batteries put on
the market, the stocks in households and businesses, and the flows of waste batteries collected and treated. The
stocks and flows of batteries are linked with the average composition of the different types of batteries to calcu-
late the stocks and flows of (critical) resources. The results are shown for lithium-based and NiMH batteries in
laptops and tablets. The data made available are specifically useful when addressing current issues related to the
European legislation for waste batteries, e.g. the definition of adequate targets for collection and the monitoring
of recycling efficiency.

1 Introduction will communicate the results online and combine and
relate them to primary raw materials data from the
Minerals4EU project and the European Geological
Data Infrastructure at large [1]. This knowledge base
is aimed at policy makers at European and national
levels, industry, and researchers to improve resource
efficiency.

Batteries and accumulators are chemical power sys-
tems which contain a variety of valuable elements
needed to fulfill use and performance requirements.
Nowadays, batteries depict one of the most relevant
and challenging waste groups when considering criti-
cal raw materials. It is one of the product groups with-
in the scope of the ProSUM project, funded by the
European Union's Horizon 2020 research and innova- o .

tion programme. 1.2 Objectives

This paper presents an overview of the available data
sources on stocks and flows of batteries and their ma-
terial content and provides the first results of the data
consolidation. It identifies what is data treatment is
necessary to obtain suitable information to support
possible policy making decisions for a sustainable
management of batteries.

1.1 Background

The ProSUM project aims to establish a European
network of expertise on secondary sources of CRMs,
arising in waste electrical and electronic equipment
(WEEE), end-of-life vehicles (ELV), waste batteries
(BATT) and mining wastes (MIN). It coordinates ef-
forts to collect secondary CRM data and collate maps
of stocks and flows for materials and products in the
“urban mine”. Via a user-friendly, open-access Urban
Mine Knowledge Data Platform (EU-UMKDP), it
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2 Method for data collection and
analysis

In order to facilitate proper data collection and analy-
sis, the classification and inventory of battery data on
its stocks and flows was undertaken. This included the
different amounts of batteries put on the market
(POM), stocks in households and businesses and the
flows of waste batteries collected and treated. Com-
plementary flows that include batteries waste in mu-
nicipal solid waste and embedded in WEEE were also
analysed in this project. Data from different sources
can be inconsistent and is often not harmonised, there-
fore there is the need for it to be consolidate it in ways
which limit uncertainty. The stocks and flows of bat-
teries were linked with the average composition of the
different types of batteries in order to calculate the
stocks and flows of (critical) resources. This consid-
ered the mass fraction of cobalt in various lithium-ion
battery types and of other rare earth elements found in
nickel-metal hydride batteries.

3 Data sources
3.1 Composition of batteries

Data on the composition of batteries was available
from the following sources, each having strengths and
weaknesses:

e Global reference documentation, such the
“handbook” of Linden [2], providing relatively
accurate information, mainly about generic bat-
tery types.

e Scientific literature with analysis of products
like Sommer et al. [3], providing detailed com-
position of batteries. Nevertheless, with such
products it is more difficult to identify if the
product analysed is representative of the main
stream.

o Safety information: many manufacturers provide
“Material Safety Data Sheets” (MSDS) or
equivalent documents like [4]. These MSDS
provide validated sources of information but
with generally a low level of precision.

e Battery Composition information (Bill of Mate-
rial) used for environmental studies like the one
conducted by BIO IS [5].

e Various other sources, such as specific infor-
mation from the battery industry associations.

ISBN 978-3-00-053763-9

Berlin, September 7-9, 2016

3.2 Data sources to quantify the stocks
and flows

Currently, there are six types of organisations that
have and partly publish data on stocks and flows of
waste batteries.

3.2.1 Eurostat

At a European level, the statistical office of the Euro-
pean Commission, Eurostat, provides data on batteries
POM and collected in tonnes and kg per inhabitant, in
which different types of batteries are not distinguished
[6]. Furthermore, the statistics on the production of
manufactured goods (ProdCom [7]) make data availa-
ble on products sold in, exports and imports from and
to the EU member states as well as Iceland, Norway,
and Turkey for the four categories of batteries.

3.2.2 National authorities

Some countries like France publish national statistics
on the weights of batteries POM, collected as waste
and on the recycling efficiency, and distinguish dif-
ferent types of batteries.

3.2.3 Consultancies

Every year, consultancy companies like Avicenne
publishes market data at the Battery Congress in Nice
(France) and makes a commercial report available [8].

3.2.4 Compliance schemes

Depending on the national legislation, compliance
schemes (e.g. the German GRS Batterien Foundation
[9]) may publish data on the weights of batteries POM
and collected as waste, as well as data on recycling
efficiency.

Data on stocks of batteries were compiled by the or-
ganisations Bebat for Belgium, Corepile for France
and Stibat for the Netherlands through surveys of
households.

3.2.5 Industrial associations

The industrial associations Eucobat [10], Eurobat
[11], [12] and EPBA [13] collect and compile data on
batteries POM and collected. Some of the data are
publicly available and others are confidential.

3.2.6 Operators of sorting and recycling fa-
cilities

The operators collect raw data, i.e. the mass of the in-
put and output fractions to and from their facility,
quantitative and qualitative results of analyses of the
composition, and quality of these fractions etc. These
data sets are usually confidential. They are aggregated
and compiled to fulfil the reporting requirements of
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the compliance schemes and/or authorities set in the
EU Battery Directive.

4 Results
4.1 Classification of batteries

Batteries are used in products or connected to prod-
ucts as uninterrupted power supplies. They can be
sold separately, be embedded in vehicles and electri-
cal and electronic equipment (EEE), or within the
electronics embedded in vehicles. Several classifica-
tion approaches for batteries exist, depending on cell
chemistry, hazardousness, chargeability, and area of
application.

Based on expert knowledge on battery systems and
the resources they contain, as well as an analysis of
existing battery classifications, the ProSUM battery
classification of electrochemical cells was developed.
The battery types cover the six current main electro-
chemical systems based on lithium, zinc, nickel-
cadmium, nickel-metal hydride, lead and others. The
six battery types were further divided into 16 BATT
keys as displayed in Table 1. These keys are compati-
ble with classifications by chargeability type, the Bat-
tery Directive descriptions, battery recycling flows
and other trade codes such as the EU List of wastes,
ProdCom, the Combined Nomenclature (CN), as well
as the United Nations Committee of Experts on the
Transport of Dangerous Goods.

Table 1: The BATT keys based electrochemical
subsystems (BATT_key code list)
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BATT keys Name

BattLiCF, Lithium carbon monofluoride
(LiCFy)

BattLiNMC Lithium nickel manganese cobalt
(LINMC)

BattLiSO, Lithium sulfur dioxide (LiSO,)

BattLiSOCl, Lithium thionyl chloride (Li-
SOCly)

BattNiCdSealed | Nickel cadmium (NiCd), sealed

BattNiCdVented | Nickel cadmium (NiCd), vented

BattNiMHSealed |Nickel metal hydride (NiMH),
sealed

BattNiMHVented | Nickel metal hydride (NiMH),
vented

BattPbSealed Lead-acid (Pb), sealed

BattPbVented Lead-acid (Pb), vented

BattZn Zinc

BattOthers Others

BATT keys Name
BattLiCoO2 Lithium cobalt dioxide (LiCoO,)
BattLiFePO4 Lithium iron phosphate (LiFePO,)
BattLiMn Lithium manganese (LiMn)
BattLiMnO2 Lithium manganese dioxide (LiM-
n0,)
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4.2 Description of the stocks and flows
of batteries

To understand the flows, a system flow diagram was
depicted (Figure 1). Portable batteries can be sold ei-
ther incorporated in business or consumer appliances,
or as single cells. Depending on use, lifespan, and
consumer behaviour, batteries reside used or unused
in the urban stock. Waste batteries may be disposed of
legally or illegally via: a) a public or private battery
collection scheme; b) collection scheme for WEEE; c)
collection with other waste streams, like residual
waste; or d) direct disposal into the environment. The
collection of industrial batteries is done either by the
collection scheme for portable batteries or through
individual contractual schemes. Automotive batteries,
for instance lead acid, are collected by specific take
back systems.
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Figure 1: System description for batteries

4.3 Stocks and flows of batteries

The case study of laptop and tablet batteries was se-
lected as an example to illustrate the preliminary re-
sults of the stocks and flows modelling with no uncer-
tainty consideration so far.

A preliminary analysis of the Avicenne data [8] by
Recharge focused on the batteries POM in laptops and
tablets in the European Union (EU) between 1998 and
2014. Figure 2 shows the estimated amounts of
LiCoO,, Li-NMC and Ni-MH batteries POM in lap-
tops and tablets (Figure 2, in million units per year).

Data on the age of collected waste batteries (lifespan
from production to collection in Belgium in 2012)
were presented by Bebat at the International Congress
for Battery Recycling [14], showing the lifespan of a
large sample of 17,000 waste batteries with a known
production date collected in Belgium in 2012. For
lithium rechargeable batteries, contained in 4 products
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types, the probability density function that best fits the
experimental data was determined using a Weibull
distribution. It revealed a preliminary median lifespan
for 102 sampled waste batteries from laptops of 9.8
years. For tablets, a median lifespan of 6.1 years as
measured for mobile phones batteries was assumed.
The median age of collected waste batteries is ex-
pected to decrease.

For the years after 2014, the preliminary assumption,
which will be improved in the future research, was
that the market stays stable, i.e. the POM volumes of
2014 were used for the years 2014-2020. Modelling
based on the POM and the lifespan distribution pro-
vided estimates of the volumes of waste batteries gen-
erated until 2020, in million units per year (Figure 3).
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Figure 2: Volumes of LiCoO,, Li-NMC and Ni-MH
batteries POM in the EU between 1998 and 2014 in
laptops and tablets

Million units
5 8 &5 5 3

=

m Tablet LINMC
o0 | W Lagtop MiMH
= Laptop LINME

0 mlaptopLicoo?
0 |
g — == m N | l I | I I | ‘ ‘ |

2004 2005 2006 7007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Millian units
5 § 8 &

-]

=

Figure 3: Estimated volumes of LiCoQO,, Li-NMC
and Ni-MH waste batteries from laptops and tab-
lets generated in the EU between 2004 and 2020
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Figure 4: Cobalt embedded in LiC0O,, Li-NMC
and Ni-MH batteries POM in the EU between 1998
and 2014 in laptops and tablets

In the ProSUM research, the estimates of waste bat-
teries generation are compared to the data on collected
waste batteries to check if the collected volumes
match the estimates on waste generation. An analysis
of the complementary flows for batteries conducted
within ProSUM showed that waste batteries are found
in municipal waste, in separately collected WEEE and
in exports of used EEE and WEEE [15]. Compared to
72,000 tonnes of portable waste batteries reported as
having been separately collected in the EEA area plus
Switzerland in 2011 [13], the identified complemen-
tary flows range between 150,000 and 540,000 tonnes
of waste batteries in 2012 [15].

4.4 Stocks and flows of CRM

In this paper, a case study for cobalt is presented. The
data on the POM volumes and the estimates of the
waste generation were converted from units into
weight by multiplying with an average weight of the
batteries. These flow volumes in tonnes were then
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Figure S: Cobalt embedded in the estimated vol-
umes of LiCo0O,, Li-NMC and Ni-MH waste bat-
teries from laptops and tablets generated in the EU
between 2004 and 2020

multiplied with average concentrations of cobalt in
LiCo0O, (14%), Li-NMC (4%) and Ni-MH (3%) bat-
teries [16], again without considering the uncertain-
ties.

Figure 4 shows that the amount of cobalt embedded in
the batteries POM in the European Union increased
until 2013, and decreased in the following years due
to the technology shift from the cobalt-rich LiCoO,
electrochemical system to Li-NMC.

Figure 5 shows the estimated amount of cobalt in the
generated waste batteries. The total content of embed-
ded cobalt keeps increasing until 2020.

5 Discussion on policy level

The data made available are specifically useful when
addressing two current issues related to the European
legislation for waste batteries: the first one being the
definition of collection targets, and the second one
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concerning the definition of targets for recycling effi-
ciency and the relevance of mass-based targets.

5.1 Use of data to define collection tar-
gets

The Batteries Directive [17] stipulates that the EU
Member States shall achieve the minimum collection
of 45 % by 26 September 2016. The collection
rate has been calculated since 2011 as:

3xXC,

CR, = 1
" S, o+ S+ S, @

with:  CR,: Collection rate in year n
C,: Collection in year n

S,: Sales in year n

Formula 1 applies to all portable batteries. It was ap-
plied in the case of batteries from laptops and tablets
for the year 2014, with the (unrealistic) assumption
that all generated waste batteries are collected:

MRyg1s = 3 X Gz014 =39 % )
= - 0

2T Sy012 + S2013 + Sz014

with:  MR,: Modelled rate in year n

G,: Estimate of the waste batteries generation
in year n

For growing markets as it is the case for laptops and
tablets, according to the modelling results, in 2014 a
collection target of 45 % would not have been possi-
ble, because the weight of waste batteries that would
have had to be collected exceeds the total estimated
generation volumes.

A quick sensitivity analysis shows that if a median
lifespan of 6.1 years (instead of 9.8 years) as meas-
ured for mobile phones is assumed for waste batteries
from laptops and tablets, the MRy, would be 64%. In
this case, a collection target of 45% could be achieva-
ble.

In the case of the NiCd batteries, which market share
is decreasing, collection targets calculated with for-
mula 1 would be very low due to the very low POM
volumes.

These calculations complement the conclusions of the
report commissioned by EPBA [13], which questions
the relevance of collection rates as a measure of
scheme performance and concludes that “the 45% tar-
get in 2016 remains a challenge”. A possible shift of
the target definition mentioned in a working docu-
ment of the European Commission [18] could be to
express collection targets as a ratio of the amount of
batteries available for collection instead of the amount
of batteries put on the market. A similar change is al-
ready progressing for WEEE with the common meth-
odology report [19] proposing an alternative WEEE
generated target.
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The results confirm that a more comprehensive analy-
sis based on robust data differentiated according to the
products in which they are embedded and to the bat-
tery types is needed to provide “a more realistic as-
sessment of the performance of a portable battery
collection scheme” [13] and a scientific basis to de-
fine “ambitious but realistic” targets that incentivise
the improvement of the collection of batteries [13].

5.2 Use of data to define targets for re-
cycling efficiency

Mass-based targets encourage the recycling of materi-
als with a large mass share and may hamper the recy-
cling of materials with a low mass share, but more
likely to be associated with high environmental im-
pacts, classified as critical, and/or with a high eco-
nomic value.

A view into the complex material composition of
modern batteries shows that the definition of fix mass-
based targets for recycling efficiency in the Batteries
Directive, which only differentiates three battery
chemistries, can hardly differentiate and/or encourage
the use of innovative treatment processes. A 50% tar-
get applies for all “other batteries”, which include all
types of lithium-ion, NiMH and alkaline batteries.

According to preliminary data [18] and treatment tri-
als carried out by TU Berlin, it is technically not pos-
sible for some electrochemical systems to achieve the
50% target. However for others, the rate can be
achieved but valuable substances are lost. In contrast
to e.g. alkaline batteries which consist mainly of iron
(especially steel sleeves), manganese, and zinc (in to-
tal >55%), systems such as lithium batteries or Ni-
MH depict an economic, ecological and technological
challenge. The CRM containing active materials con-
stitute a mix of substances with increasing heteroge-
neity that is hard to recycle efficiently and economi-
cally. Designs like coffee bag systems (pouch cells)
may hamper the achievement of fix mass-based target.

Therefore, the establishment of recycling efficiency
targets may require a careful review of feasibility and
a clear description of the policy expectations to pro-
mote quality recycling in Europe. This means that the
targets would need to be revised based on data on the
composition of the waste batteries. They need to be
differentiated according to the electrochemical sys-
tems available on the market and defined based on
data on the treatment processes for waste batteries
from different countries, because “the recycling play-
ing field is not a level one across the EU” [20]. Con-
sequentially, also the method to calculate the recy-
cling efficiency should be revised.
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6 Conclusions

The preliminary results on the case studies show
trends related to the flows of battery from laptops and
tablets and to the related flows of the CRM cobalt.
Due to the fast market changes, the year on year var-
iations are very significant. The next steps of the re-
search include the selection and consolidation of the
data from the different sources, as well as the evalua-
tion of the data quality and the quantification of the
uncertainties using a harmonised method common to
all product flows considered in ProSUM [1].

The importance of basing decision support and policy
making on solid data is acknowledged by the Europe-
an Commission, which commissions research projects
and launches activities to improve the data availabil-
ity. However, so far this is not always reflected in the
legislation in place, and will require further effort in
the future, as the complexity and fast evolution of the
batteries market and end-of live flows make it diffi-
cult to get access to the relevant data.
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