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Abstract

ABSTRACT

As the e-waste generation increases continuously, the estimation of future
quantities and the key metals contained in them is of primary importance to policy
makers, producers and manufacturers, so as to promote actions and legislations related
to their sustainable management. In order to cope with the increasing demand for
supply resources, the recycling of discarded devices can ensure the way to
sustainability. To assess the feasibility of urban mining, three questions must be
answered: What quantities of key metals will potentially be available in discarded
devices in the future? What will the economic revenue of recycling be and for which
metals is the process financially viable? How can we improve the recycling efficiency
of the various key metals? This thesis focuses on estimating future quantities of 4 e-
waste categories: laptops and mobile phones due to their rapid-increasing waste
stream, lithium-ion batteries from electric vehicles, and photovoltaic waste as
emerging e-waste. Among the four e-waste categories, PV waste is also chosen to
experimentally recover Ag, which can offer significant economic revenue.

This thesis accomplishes a detailed estimation of future End-of-Life (EoL)
tablet/laptops amounts in Greece by considering various parameters and clarifying
their effect on the estimated e-waste amounts. The content of precious metals (PMs)
and critical raw materials (CRMs) in these obsolete e-wastes both for average and
dynamic changing parameters is estimated, which revealed the great potential
recovery of PMs and CRMs.

Moreover, the waste mobile phone generation and their embedded key metals
(CRMs and PMs) in Greece until 2035 (2010-2035), differentiating between feature
phones and smartphones are estimated. The quantities of precious and critical raw
materials in obsolete smart and feature phones in Greece until 2035 are calculated and
it is revealed that effective recycling of obsolete phones (1995-2020) can cover the
demand for key metals for new smartphones in Greece for more than a decade.

Considering the rapid promotion of electric vehicles (EV) in the European
Union (EU), a new e-waste category is emerging, the lithium-ion batteries (LIBs). The
generation of future electric vehicles (EV) battery waste in the EU-27 countries is
estimated. LIBs require proper management through circular economy business
models. These include Remanufacturing, Reuse and Recycling of LIBs to extend their

life before valuable materials are recovered. Material and substance flow analysis
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with a 3-parameter Weibull distribution function are employed to quantify all battery
waste flows and their embedded materials. The available LIBs for remanufacturing
and the capacity of Second Life LIBs are calculated. The recovered metals Li, Co, Ni
and Cu in the waste LIB are calculated considering the recycling efficiencies of the
2020 EU Battery Directive.

Furthermore, the estimation of future photovoltaic (PV) waste amounts in EU-
27 countries considering the targets set by each country in the national energy and
climate plans (NECP) for the implementation of solar photovoltaic systems is
accomplished. The thesis addresses the questions “when will large amounts of panel
waste be generated in the EU countries and what will their composition be?” Also, a
timescale for starting an economically viable recycling industry for PV panel waste in
EU based on the annual PV waste generated in each country is estimated.

Finally, a novel hydrothermal technique for the recycling of c-Si PV waste
panels with a focus on Ag recovery is developed. In the past, research on panel waste
recycling has focused on Si, glass and Al recovery, but more recent studies also aim at
Ag leaching and recovery, due to the high value of Ag. This thesis investigates Ag
and Al leaching from waste monocrystalline and polycrystalline silicon photovoltaic
(PV) panels, focusing on both cells and ribbons, by hydrothermal process using mild
HNO; solutions. Under the range of tested parameters, treatment time was the most
important factor, followed by HNO; normality and S/L ratio, while process
temperature (100-140 °C) was not statistically significant. Al leaching was
satisfactory under the hydrothermal conditions. Under the optimal hydrothermal

conditions Ag can be efficiently leached (100%).
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HEPIAHYH

Adym m™¢ peyding adénong tov Gykov TV MAEKTPOVIKOV OTOPANT®V, 1
EKTIUNON TOV UEALOVTIKOV TOCOTHTOV OVTOV TOV amoPfANtev Kabdg kol TV
Boaocikdv peTAAL®Y TOV TEPIEXOVTAL GE OVTA EIVOL TPOTOPYIKNG CNUOGING Y10 TOVG
VIELOVLVOLG YAPAENG TOAMTIKNG, TOVG TOPAYWOYOVS KOl TOVG KOTOOKEVAGTEG, DOTE VO
mpomBnbovv dpdoelc Ko vopobetikég pvbuiceic mov oyetiCovion pe ™ Prodoun
owyeipion tovg. Ilpokeévon va avipetoniotel n avéavopevn {ftnon o€ TPOTEG
VAEG, M OVOKOKAMOY] TOV OTOPPUTTOUEVOV GUOKEVAOV Umopel vo eEoc@aiicel Tov
opopo mpog 1t Pwodémra. o va a&oloynbel 1 oKOTUOTNTO NG OOGTIKNG
eEopuéne, mpémer va oamavinBodv tpia epotuata: Iloeg mocodTEg POocikdv
petéAlov Ba gtvar duvntikd 0100601UEC GE AMOPPIMTOUEVEG GUOKEVES GTO UEAAOV;
[Towa Ba givar ta owovoptkd £6000 amd TNV AVOKOKAMGT] Kot Yo oo, LETOAA Elval
owovopkd Pivown mn  dwdikasio; Ilog umopovpe va  Pektidoovps v
QMOTEAECUATIKOTNTO TNG OVOKUKAMONG TOV dwedpov Poacikdv petdAlov, H
OWoKTOpIKn OTpPn €otalel otV EKTIUNON TOV UEAAOVIIK®OV mocoTtwv 4
KOTNYOPLOV MAEKTPOVIKAOV OTOPANTOV: @GOPNTOV VTOLOYIGTAV KOl KIVIITAOV
TNAEPOVEOV AOYO TNG TOYEMS AVEAVOIEVNG POTIG OVTAOV TOV ATOPANTOV, PTATAPLAOV
WvTOV MOiov amd nAekTpikd oynuata, kabmg Kot @OTOPOATUIKOV améfinTov To
omoia eivor peAlovtikd miektpovikd omOPAnta. Télog, amd avTéc TIG TEGGEPLS
KOTNYyopieg NAEKTPOVIK®V amoPANTev emAéyOnkav to pmToPoAtaikd amoPfAnta yio
TNV TEPALATIKT] ovaKkTnon Tov Ag, mov av kot Bpiocketol 6e TOAD UIKPEC TOGOTNTEG,
B TPOGPEPEL GNUAVTIKG OIKOVOHLIKA £G0J0L.

Apyikd mpaypoTOTOlEiTOL [0 AEMTOUEPT  EKTIUNOT TOV  UEAAOVTIKOV
ToGOTNTOV amoPATeV Adnton/taumiet oty EAAGSa Aapupdvoviag voyn Stdpopeg
TOPOUETPOVG KOl SEVKPVILOVTOG TNV EMOPACT] TOVS OTIG EKTIUMUEVES TOGOTNTEG TV
niektpovikdv omofAntov. Extydtor m mepiektikomto o moAvtne (PMSs) kot
kpiowwa péroddla (CRMS) oe autd to mAextpovikd amdPAnta, yeyovdg mov
OTOKAAVTITEL OTL VILAPYOLY UEYOAES SVVOTOTNTES AVAKTNONG TOAVTIL®OV KOl KPIGIL®V
UETAAA®V.

EmumAéov, vmoloyilovtal ot ToGHTNTEG TOV ATOPPUUATOV KIVITOV TNAEPDOVOV
Kol TOV EVOOUOTOUEVOV Pactkdv petdAiwv toug (PMs kot CRMS) oty EALdda

uéypt to 2035 (2010-2035), dwaympilovtag ta tThAépwva ce maAaod tomov (feature
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phones) ka1 smartphones. Ymoloyiloviar ot mocOTNTEG KPIOU®OV Kol TOAVTIU®V
TPOTOV VAOV og amofAnta smart ko feature phones otnv EAAGSa péypt to 2035, ko
CLUTEPOIVETOL OTL 1| OTOTEAECUATIKY OVOUKVKA®GCN TOV OTOPANTOV TNAEQOVOV
(1995-2020) pmopei va kaddyel ™ (non Poaocik®v petdAlmv yio. véa sSmartphones
otnv EALGOa yio mep1ocdtepo amd pio deKaETiaL.

Aapufdvovtag vroyn v tayeio mpodbnon tov niektpikov oynuatov (EV)
omv Evponaiki 'Evoon (EE), wo véa katnyopio mAEKTpovVIKOV omoPANToV
avadvetal, ot umatapiec 6Ovtov ABiov (LIBS). Ymoloyiotnkov ot HEAAOVTIKEG
T0GOTNTEC AMOPANTOV UTOTAPLOV NAEKTPIK®V oxynudtov (EV) otig ydpeg g EE-27.
Ot LIB oamottodv cotn Soyeiplon HECEO EMLYEPNUATIKOV HOVTIEAMV KUKAIKNG
owkovopioc. Avtd meptlapudvouy TV AVOKATOGKELT, TNV ETOVOYPNCLOTOINGT Kot
v avakvkimwon tov LIBS yw mapdtaon g Sudpkelag {ong Ttovg mpotol
avaktnBovv moAvtiwo vAwkd. H avdivon pong vAkov pe cuvaptnon Kotovoung
Weibull 3 mopopétpov ypnoylonoleitar yloo TV TOGOTIKOTOINGN OA®V TV POodV
amoppupdtov LIBS kot tov evoopotopévov bAMK®OV Ttovg. Ymoloyilovtor ot
dwbéopeg pratapieg MBiov Yo avakaTaoKELT (Yol Yp1ioN G€ NAEKTPIKG QLTOKIVITO)
Kot ylo emavaypnotponoinon (og dAleg epappoyéc). Ta péraira Li, Co, Ni ko Cu
oV Umopovv va avoktnBovv amd ta amdfAnta LIBS vmoloyilovror Aapfdvovtog
vdym v Odnyiag e EE 2020 ywa Ti¢ potopiec Kot TiG amodOGELS oVOKOKAMGONG
TOV HETAAL®V.

EmumAiéov, vmoloyilovtar ot peAdoviikés mocomteg @wtofoAtaikav (DOB)
amoPAntov otig yopeg g EE-27 Aapufdvovtag vroyn tovg otdyovg mov Exet Bécet
kéBe yopo oto EOvikd Xyxéoo Evépyeiag KAipatog yio v €yKatdotoon nAloKoOv
ootoPfortaik®v cvommudtov. H dwrpn omavid oto epotipoto  «tote Oo
onpovpynBovv peydrec mosotnteg amoppippdtov OB waved otig xdpeg g EE kot
o Ba etvar M oOvBeon tovg» Emiong, extipdror éva ypovodidypappae yio v
évapén pog otkovoukd Buooung Propnyoaviag avakvkimong yo ta andfinta OB
nével oty EE pe Bdon ta etnoo andfAnta @B wov mapdyovion oe kdbe ydpa.

TéA0OG, TPOYLOTOTOLOVVTOL TTEPALOTO GTHV OVOKVKAMGT] QOTOPOATUIKOV TAVEA
pe éupaorn omv avakmmon Ag. Xto mapeABov, n épevva yio TNV ovoKOKAMON
AmOPPUUGTOV TavEN elye emkevtpmbel oty avaktnon Si, yvaiod kot Al, adAd o
TPOGPATEC HEAETEG GTOYXEVOLV €miong oty avdxktnon Ag, AOY® g LynAng a&iog
tov. H moapovca odatpipn depevva v ekydhon Ag kot Al and amndpfinto

LOVOKPUGTOAMK®OV KOl TOAKPUGTOAAMK®V @owtofortaikdv (PV) mdved mupiriov,

Vi
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€0T1alovTag 1060 08 KLUWEAEG OGO KOl GE MUIAY®YoVLs, e VOPobepuikn enelepyacio
ypnowonotwvrog Nme. oeAvpatoe HNOs. Ta amoteléopota €dei&ov O6TL 0 YpOVOC
enefepyaciag MNTOV 0 ONUOVTIKOTEPOS TAPAYOVTOS, oKoAovBovduevog oamd v
Kkavovikotnta tov HNO;3 kot v avaroyio S/L, eved 1 Oeppokpacio diepyasiog (100-
140 °C) Sev Ntav otatiotikd onuovtikn. H exydlion tov Al ftav iavomomtiks vid
TI¢ VOpobepukéc ouvinkes. Yo Tic BéATIoTEG VOPODEPUIKES cLVONKES, 0 AQ HTopet

va ekyvMotel amotehespoticd (100%).
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CHAPTER 1

Introduction

Research topics

As the e-waste amounts are increasing, the estimation of future quantities and
the key metals contained in them is of primary importance to policy makers,
producers and manufacturers, so as to promote actions and legislations related to their
sustainable management. In order to cope with the increasing demand for supply
resources, recycling of discarded devices can ensure the way to sustainability. To
assess the feasibility of urban mining, four questions must be answered: What
quantities of key metals will potentially be available in discarded devices in the
future? What will the economic revenue of recycling be and for which metals is the
process financially viable? How can we improve the recycling efficiency of the
various key metals? On this basis, this PhD thesis focuses on estimating future
quantities of prime e-waste: laptops and tablets, mobile phones, LIBs from electric
vehicles and PV waste. Last, the experimental recovery of precious Ag from
crystalline silicon PV waste, which offers significant economic revenue, is

investigated.

E-waste represents an ever-increasing waste stream due to the increasing
ownership and numerous applications. E-waste, i.e., smartphones, laptops, etc. are
among the most valuable waste because of their extremely high content of numerous
key metals, specifically in the printed circuit board (PCBs) and magnets. To estimate
the Critical Raw Materials (CRMSs) and Precious Metals (PMs) embedded in them,
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initially estimations of obsolete e-waste quantities are essential. Urban mining is an
attractive alternative in dealing with the rising demand for CRMs as many key metals
in the scrap e-waste have a concentration multiple times more than that of rich
primary ores, especially in the PCBs and magnets.

In Europe, the Waste Electrical and Electronic Equipment (WEEE) Directive
states that, from the year 2019, 65% of the average weight of EEE placed on the
market in three preceding years or 85% of WEEE generated should be the minimum
annual country collection rate. The Directive subdivides the e-waste into six
categories and poses separate recycling targets for each category on a mass basis. In
order to accomplish the targets, the recyclers, are mostly interested in materials
present in great amounts in the waste flow, such as ferrous metals or plastics. In this
way, materials existent in small amounts are often neglected (Bigum et al., 2012; Sun
etal., 2016).

The European Commission started in 2008 the Raw Materials Initiative in order
to encounter the expanding concern of assuring valuable raw materials for the EU
economy. CRMs are those materials that combine a high economic significance to the
EU with a great risk of supply disruptions. Many of these materials are, at present,
only derived from a few countries. Among these, China is the leading provider and
consumer of various important raw materials e.g., rare earth metals (REEs), antimony,
bismuth, magnesium, etc. Thus, this grows the risk of supply scarcity and
susceptibility along the value chain. Moreover, in December 2019 the EU adopted the
Green Deal Communication that acknowledges access to resources as a vital security
issue to accomplish its aspiration towards 2050 climate neutrality (EU, Final Report
2020).

Especially small WEEE, like laptops, tablets or mobile phones represent a
perpetually growing waste stream that contains both valuable and hazardous
materials. Considering the large amount of these waste categories, the CRMs and PMs
present in them, although in tiny amounts, are substantial. Special focus is, therefore,
placed on rapidly growing e-waste i.e., laptops and mobile phones and emerging e-
waste i.e., lithium-ion batteries (LIBs) from Electric Vehicles EVs and solar

photovoltaic (PV) waste.
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Due to the rapid promotion of electric vehicles (EV) in the European Union
(EU), a new e-waste category is emerging, the lithium-ion batteries (LIBs). LIBs
require proper management through circular economy business models. These include
Remanufacturing, Reuse and Recycling of LIBs to extend their life before valuable
materials are recovered. Lithium-lon batteries (LIBs) manufacturing requires many
different raw materials, some of which are Critical Raw Materials (CRMs) for the EU
due to their high economic importance and associated supply risks (Lebedeva et al.,
2017). The potential recycling of LIBs will contribute to the sustainable and secure
supply of secondary raw materials (SRMs) in the EU. The economic feasibility of the
3R options for EoL LIBs management is largely dependent on the number of
discarded LIBs available for each option, as well as the evolution of prices of new
cells and raw materials (Rohr et al., 2017). The assessment of EoL EVs batteries is a
key factor for their proper management in the EU-27. Assessments of waste streams
(remanufacturing, reuse, recycling) will guide process developments and related
infrastructure investments. Different battery technologies in waste streams will
improve decision-making regarding their management and the recovery of secondary
raw materials. The quantities of valuable materials (Co, Li, Ni, and Cu) that can be
recovered from the waste LIBs taking into account the new recycling efficiency

targets set by the EU battery Directive (2020) are crucial for their management.

Moreover, the decarbonisation of the energy sector is a priority in the EU and
this can be accomplished by mainly investing on renewable sources. Increasing
offshore wind production, as well as photovoltaic installations is essential. Solar
photovoltaic (PV) panels are one of the fastest-growing future waste streams under
the category of large electronic waste (WEEE). It is also one of the most important
waste streams, as it contains valuable elements like selenium, tellurium, gallium,
molybdenum, and indium (Guo and Yan, 2017). The assessment of future PV waste

amounts is of primary importance to plan their efficient management.

A PV waste recycling plant aims to maximize profits from the sales of
recovered materials from panel waste, while reducing costs related to processes,
stocks, transfers and capital investment. It is crucial, therefore, to develop and create
an economically viable and environmentally sustainable recycling infrastructure for

the emerging photovoltaic industry in conjunction with the accelerating market of
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these new technologies. The economic viability of such recycling program is closely
associated to the geographical quantities of PV waste, the distance from the recycling

plant and the amount of valuable materials for sale.

Finally, considering PV waste, it is estimated that, due to the high economic
value of Ag, although it is present in a small amount in PV panels, it contributes
significantly to the revenue from recycled panel materials. Particular emphasis is

placed on how the recycling efficiency of Ag from PV waste can be improved.

Among PV waste, first-generation crystalline silicon (c-Si) modules have had an
80-90% market share over the last 40 years and will thus dominate the PV waste
stream. Thus, the recycling of waste c-Si PV panels has been studied with the aim of
recovering Ag, a precious metal (PM), from the waste panels. Although Ag is present
in tiny amounts in PV panels, it contributes significantly to the revenue from recycled
panel materials, due to its high economic value. Silver will be depleted in the next 50
years thus efficient recycling of this metal is crucial (Hunt et al., 2015; Farrell et al.,
2020).The mainly used method for Ag recovery from solar cells is etching or leaching
in acidic solution based on nitric acid (HNO3) at concentrations of 2.3-14 N and
temperatures 25-80 °C. Other studies use electrowinning of Ag with methanesulfonic
acid solution as the electrolyte. However, no hydrothermal Ag and Al leaching tests
from PV panels have been performed to date, so the present study will fill this
research gap, focusing on utilizing weak oxidizing agents to avoid the generation of

hazardous waste.
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Objectives of PhD thesis

The objectives of this PhD thesis are:

To make a detailed estimation of future EoL tablet/laptop amounts in Greece by
considering various parameters and clarifying their effect on the estimated amounts.
To estimate the content of Precious Metals (PMs) and Critical Raw Materials (CRMs)
in these obsolete e-wastes both for average and dynamic changing tablet/laptop

weight in order to reveal the great potential of PMs recovery.

To estimate waste mobile phone generation and their embedded key metals
(CRMs and PMs) in Greece until 2035 (2010-2035), differentiating between feature
phones and smartphones. To calculate the quantities of critical and precious raw
materials in obsolete smart and feature phones in Greece until 2035. To decipher
whether the effective recycling of obsolete phones (1995-2020) can cover the demand

for key metals in new smartphones in Greece.

To estimate the future electric vehicles (EV) battery waste in the EU-27
countries. Considering the rapid promotion of electric vehicles (EV) in the European
Union (EU), a new e-waste category is emerging, the lithium-ion batteries (LIBs).
LIBs require proper management through circular economy business models. These
include Remanufacturing, Reuse and Recycling of LIBs to extend their life before
valuable materials are recovered. Material and substance flow analysis with a 3-
parameter Weibull distribution function are employed to quantify all battery waste
flows and their embedded materials. The available LIBs for remanufacturing and the
capacity of Second Life (2L) LIBs are calculated. The recycled metals Li, Co, Ni and

Cu in the waste LIB are calculated considering the recycling efficiencies of the 2020
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EU Battery Directive. Two case studies are explored, Germany and France which
have the highest EVs adoption in the EU-27. The calculated 2L LIBs capacity in these
countries is examined whether it can effectively meet the demand for energy storage
for photovoltaic systems in these countries,

To estimate the future photovoltaic (PV) waste amounts in EU-27 countries
considering the targets set by each country in the NECP for the implementation of
solar photovoltaic modules. To answer the questions “when will large amounts of
panel waste be generated in the EU countries and what will their composition be?”
Also, to estimate a timescale for starting an economically viable recycling industry for

PV panel waste in EU based on the annual PV waste generated in each country.

To recycle PV waste panels focusing on Ag recovery. In the past, research on
panels waste recycling has focused on Si, glass and aluminum recovery, but more
recent studies also aim at Ag leaching and recovery. To investigate silver and
aluminum leaching from waste monocrystalline and polycrystalline silicon
photovoltaic (PV) panels, focusing on both cells and ribbons, by hydrothermal

treatment using mild HNO3 solutions.
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Structure of PhD thesis

The PhD thesis is comprised of seven chapters. A brief description of the
contents of each chapter is presented in this section.

Chapter 1 presents the research topics, the objectives and innovation of the PhD

thesis.

Chapter 2 presents the theoretical background and literature review on the

research subjects.

Chapter 3 presents a detailed estimation of future EoL tablet/laptop amounts in
Greece. Various parameters are considered and their effect on the estimated amounts
is clarified. Last, the content of precious metals (PMs) and Critical Raw Materials
(CRMs) in these obsolete e-wastes is estimated both for average and dynamic

changing tablet/laptop weight, revealing a great potential of PMs and CRMs recovery.

Chapter 4 presents a study on waste mobile phone generation and their
embedded key metals (CRMs and PMs) in Greece until 2035 (2010-2035)
differentiating between feature phones and smartphones. The gquantities of critical and
precious raw materials in obsolete smart and feature phones in Greece are calculated
until 2035. The effective recycling of obsolete phones (1995-2020) can cover the
demand for key metals in the new smartphones for more than a decade in Greece.

Chapter 5 presents the estimation of future electric vehicles (EV) battery waste
in the EU-27 countries. Considering the rapid promotion of electric vehicles (EV) in
the European Union (EU), a new e-waste category is emerging, the lithium-ion
batteries (LIBs). LIBs require proper management through circular economy business
models. These include Remanufacturing, Reuse and Recycling of LIBs to extend their
life before valuable materials are recovered. Material and substance flow analysis

with a 3-parameter Weibull distribution function are employed to quantify all battery
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waste flows and their embedded materials. The available LIBs for remanufacturing
and the capacity of Second Life (2L) LIBs are calculated. The recycled metals (Li,
Co, Ni and Cu) in the waste LIB are calculated considering the recycling efficiencies
of the 2020 EU Battery Directive.

Chapter 6 presents the future photovoltaic (PV) waste amounts in EU-27
countries considering the targets set by each country in the NECP for the
implementation of solar photovoltaic modules. The study answers the questions
“when will large amounts of panel waste be generated in the EU countries and what
will their composition be?” Also, a timescale for starting an economically viable
recycling industry for PV panel waste in EU is estimated based on the annual PV

waste generated in each country.

Chapter 7 presents the research on PV waste panels recycling focusing on Ag
recovery. The aim was to investigate silver and aluminum leaching from waste
monocrystalline and polycrystalline silicon photovoltaic (PV) panels, focusing on

both cells and ribbons, by hydrothermal treatment using mild HNO3 solutions.

Chapter 8 summarizes the main conlusions and outines future research

recommendations.
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Contribution and novelty of PhD thesis

* Reliable estimation of future generation of EoL laptops/tablets in Greece and
the precious metals (PMs) and Critical Raw Materials (CRMs) content in these, which
is absent in the scientific literature. The PMs and CRMs estimation in the laptop/tablet
waste illustrates the potential of recovering valuable resources that exist in EoL

laptop/tablets in Greece, which is missing in the literature.

* Consideration of dynamic changes in parameters like penetration rate,
population, laptop/tablet weight and product lifespan, which is lacking in the
literature. Most reported works apply simplifications of average product weights
and/or average lifespan. Clarification of how population, product lifespan and
laptop/tablet weight affect the estimated future quantities and to what extent.

» Assessment of the impact of the coronavirus pandemic on Electrical and

Electronic Equipment (EEE) demand and their waste.

» The application of a new approach for the precise determination of time-
varying lifespan values (1983-2015) by numerically solving the corresponding
mathematical equations as suggested in E-Waste Statistics (Forti et al., 2018) given
that high quality data are available instead of adopting a survey method. This
approach has not been applied in the literature studies. The survey method is
impossible to apply over an extended time period (32 years) and may introduce bias if
not appropriately conducted. Such a long period can reveal the lifetime dynamics and

the economic and social changes reflected in the products lifespan.

» The estimation of waste mobile phone generation and their embedded key
metals (CRMs and PMs) in Greece until 2035 (2010-2035), differentiating between

feature phones and smartphones which is absent in the scientific literature.
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A new simple technique for distinguishing between feature and smart phones
(when only total sales data are available) is presented that can be easily employed in

similar cases in other countries.

 For the first time a dynamic 3-parameter Weibull distribution lifespan is
adopted for the electric battery life which considers the year of battery production
instead of a uniform lifespan for all batteries independently of production year. This
has not been applied to EU studies, as they employ a uniform Normal distribution
lifespan for all years or fixed or truncated lifetime or a 2-parameter Weibull

distribution.

* The assessment of available EoL LIBs for Remanufacturing, Reuse and

Recycling in the EU-27, which is rarely found in the literature.

e The determination of future PV waste amounts in the EU-27 countries
considering the targets set by each country in the NECP for the implementation of
solar photovoltaic modules, rather than making projections based on historical trends
that may not capture the future policies promoting renewable sources. This approach

is applied for the first time in the literature.

* The indication of the EU candidate countries for the successful establishment
of a photovoltaic recycling plant based on the annual PV waste generated in each
country and the proposal of a timescale for starting a viable PV recycling industry in
the EU-27 is reported for the first time for the EU-27 countries.

* The hydrothermal Ag and Al leaching from waste PV panels (cells and
ribbons) utilizing weak oxidizing agents to avoid the generation of hazardous waste, is

applied for the first time in the literature.
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CHAPTER 2

Theoretical Background

1. Material flow analysis

Effective management of e-waste is crucial to minimize its negative impact on
the environment and human health, as e-waste contains toxic substances such as lead,
mercury, and cadmium that can cause harm if not handled properly. Many methods
accomplish estimations of e-waste generation in the literature. These involve Material
Flow Analysis (MFA) that estimates the Input-Output of materials within the system
boundaries. MFA can be static when it involves average values or dynamic when it
includes time-varying parameters (Wang et al., 2013; Guo and Yan, 2017; Islam and
Huda, 2019a). Two data categories are essential to reliably estimate future e-waste
generation: future sales and future lifespan distribution data. The uncertainties
embedded in the future sales and lifetime data will affect the future waste estimations,
therefore it is important to use reliable methods to obtain reliable data. Regarding
obsolete mobile phones generation, researchers have used various ways to estimate

future sales, but there are several limitations and uncertainties.

Estimation of product adoption is accomplished by the S-shaped growth models
such as the logistic model. It has been illustrated that new technology diffusion,

market adoption of durable products and users of subscription services have a
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sigmoidal growth (Meyer et al., 1999; Sokele, 2008, Yang and Williams, 2009). The
logistic model is an extensively used growth model with many useful properties for
technological and market penetration forecasting. It has been employed to predict the
future sales, possession or waste generation of electronic goods (Yang and Williams,
2009; Dwivedy and Mittal, 2010; Guo and Yan, 2017). Contrary to S-shaped
cumulative adoption, adoption per period (sales) is a bell-shaped curve and is
proportional to the first derivative of cumulative adoption. Thus, the possession is
successfully modelled by the logistic curve while sales should be modelled by a bell

shaped curve incorporating the phases of growth-saturation-decline (Sokele, 2008).

Moreover, the Norton-Bass model, describes both adoption and substitution,
thus the decline phase is also included (Norton and Bass, 1987). The model was used
to forecast adoption of electronic goods such as LCD TVs and desktop display screens
(Tsai, 2013; Lu et al., 2015). However, this model best fits when modelling direct
replacement by consecutive technology generations is the case, which does not always

apply on consumer electronics (Tseng et al., 2009).

In order to forecast the WEEE generation, several time-series analysis methods
are employed like exponential smoothing, linear regression and moving averages
autoregressive models. These models must consider data variations due to trends like
seasonality (Rodrigues and Werner, 2019). However, they exhibit low accuracy in
long term predictions (Mentzer and Cox, 1984).

1.1 Material flow analysis: case study mobile phones

In the case of waste mobile phone generation estimations, He et al. (2021) used
the historical sales data in India till 2019 and extrapolated the average historical
growth rate till 2035 considering the global prediction for coronavirus pandemic
affecting annual mobile phones sales in 2020, 2021 and 2022. For smart phones only
the last 2-year average historical growth rate was used for the projection, while for
feature phones the last 10-year average growth rate. They assumed that growth rates
will remain steady and concluded that both smart and feature phones sales will
increase in the future (after 2024) till 2036. The accumulated obsolete cellphones in
2009-2019 were calculated at 632 million units (79% feature phones and 21%
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smartphones). Future obsolete cellphones generation (2020-2030) was calculated at
about 3.34 billion units (51% feature phones and 49% smartphones). Although
extrapolation of past sales data trend is a simple method for forecasting, it can be
unreliable when significant fluctuations in historical data exist or the purchasing
power per person is not taken into account (Balde et al., 2017). Also, the prediction
method may fail if the past trend doesn’t continue in the future, as is the case with
mature technologies substituted by emerging ones. Therefore, it is more suitable for
short-term forecasting (Mentzer and Cox, 1984; McCarthy et al., 2006). Similarly, He
et al. (2018) used the historical sales data in China till 2017 and extrapolated the 6
year-average historical decline rate till 2035 for feature phones and adopted the
annual growth rate reported by the Chinese Academy of Environmental Planning for
smartphones. However, as previously referred, the extrapolation of past sales data is
more suitable for short-term forecasting. They also accounted for smuggled and
counterfeit mobile phones adopting their sales growth from previous studies. In the
period from 1987 to 2016, the accumulated obsolete mobile phones were 2.34 billion
units for feature phones and 987 million units for smart phones (70.3% feature and
29.7% smart phones). In the period from 2017 to 2035, the cumulative quantity of
obsolete feature and smart phones is 339 million units and 1.43 billion units,

respectively (19% feature and 81% smart phones).

Polak et al. (2012) used sales data 1996-2010 in Czech Republic obtained from
Intrastat and extrapolated them by the logistic curve till 2020. However, observing
their data, it is obvious that the mobile phone sales had almost reached a plateau in
2010 (saturation phase) and this plateau was just extended to future years. The S-
shaped logistic curve, if applied to sales, describes the product’s growth till it reaches
saturation and does not capture the decline of sales due to substitution by new
technological products (Althaf et al., 2019). They estimated that in 2000-2010, 6.5
million pieces were accumulated and in 2010-2020 about 26.3 million obsolete pieces
will be generated. Althaf et al. (2019) also used S-shaped logistic curve to simulate
sales data but they used the decay rate after the growth rate and saturation, predicting
that sales would drop because new emerging technologies are introduced. They
estimated that for mature products future e-waste generation will gradually decrease
after reaching a peak. They demonstrated that i.e., CRT and LCD TVs sales will drop,

whereas LED TVs sales will become significant in USA.
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Guo et al. (2017) used the S-shaped logistic curve to describe mobile procession
in China and not sales data. Possession data are successfully described by the logistic
curve and maximum capacity is estimated relatively easily considering population and
mobile subscription data. In their case, the possession logistic curve for China was at
the growth phase (data till 2015). However, there was no distinction between feature
and smart phones, and this causes inaccuracies as the feature phones adoption may be
reduced and substituted by the rising smartphones. They estimated that 781 million
units of obsolete cellular phones were generated in 2015 and predicted 878 and 938
million units will be generated in 2020 and 2025, respectively. Rahmani et al. (2014)
used the logistic curve to directly simulate the obsolete mobile phones generation in
Iran predicting that obsolete devices will reach a plateau in 2035. They estimated 39
million mobile phones will be discarded in 2014 and 90 million units in 2035.
However, the logistic curve is suitable to describe technology diffusion rather than

waste generation (Meyer et al., 1999).

The logistic model is an extensively used growth model with many useful
applications for technological and market penetration forecasting. It has been
employed to predict the future sales and possession or waste amounts of electronic
goods (Yang and Williams, 2009; Dwivedy and Mittal, 2010; Guo and Yan, 2017). In
the beginning, the growth of the logistic model is identical to the exponential one, but
later the gradient slows down as growth approaches the market capacity limit.
Contrary to S-shaped cumulative adoption, adoption per period (sales) is a bell-shaped
curve and is proportional to the first derivative of cumulative adoption. Thus, the
possession is successfully modelled by the logistic curve while sales should be
modelled by a bell-shaped curve incorporating the phases of growth-saturation-
decline (Sokele, 2008). Table 1 summarizes the findings of the literature review on
forecasting methods applied for sales. It is evident that the most suitable method is the
adoption of the logistic curve incorporating phases of growth-saturation-decline,
which is applied in this work.

Furthermore, the lifespan of the electronic goods is fundamental in MFA
calculations. Lifespan can be static or dynamic. Static lifespan doesn’t follow any
statistical distribution. However, this estimate is inaccurate as it fails to reflect the

dynamic patterns of product life (Babbitt et al., 2009). On the other hand, the dynamic
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lifespan captures the active changes as it follows a statistical distribution such as the
exponential, Rayleigh, lognormal, normal distribution or the Weibull. Nevertheless,
all the aforementioned distributions are approximated by the Weibull for different
values of the shape parameter (Almalki and Nadarajah, 2014). Therefore, the Weibull
distribution is appropriate to describe the products lifespan, as it obtains the best fit
for most devices (Walk, 2009). Most studies adopt lifespan data for a specific year
from literature sources and neglect the time variation (Yu et al., 2010; Tran et al.,
2018; Islam and Huda, 2019b). As the product life cycle for electronic goods is
decreasing, this approach is not realistic (Trappey and Wu, 2008). Other studies use
the survey method to determine the lifetime of household electronic appliances either
neglecting time variance or considering a limited one (Abbondanza and Souza, 2019;
Kosai et al., 2020). However, the survey method has some disadvantages as it depends
on consumer behaviour (Kang and Schoenung, 2006) and is difficult to estimate the
lifespan for an extended period of successive years. For a lifespan survey to be
reliable it should be conducted on an annual basis at an extensive national level and at
waste-disposal points by recording both the date of device manufacture and disposal
(Islam and Huda, 2019b). Nevertheless, it is impractical to apply this approach to
estimate the product lifespan variation over an extended period of time. In E-Waste
Statistics it is proposed that the most precise approach is to numerically solve the
corresponding equations to determine lifespan, given that high quality data [Put on
Market (POM) and stock (S] are available to produce realistic outcomes (Forti et al.,
2018).

He et al. (2018) used lifetime information for feature and smart phones in China
from other studies and applied the shape and scale parameters of Weibull distribution
of 2.19 and 3.96 for feature and 2.45 and 2.83 for smart phones, respectively. The
feature phones and smartphones “service” lifespan in China was 3.51 and 2.51 years
and no other time variation was considered for the period 2000-2035. He et al. (2021)
also used lifetime information from previous studies and applied a service lifespan
described by the Weibull distribution of 6.5 and 8.5 years for the period of 2010-2035
for smart and feature phones in India, respectively. Rahmani et al. (2014) used a
questionnaire survey and estimated “service” a lifespan of 2.9 years depicted by

Weibull distribution for mobile phones in Iran without distinguishing between feature
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and smart phones. The service lifespan was considered stable for the period of 2005-
2040.

Guo et al. (2017) also adopted a questionnaire survey and evaluated a “service”
lifespan of 1.73 years for mobile phones in China to fit the Weibull distribution. No
further time variation was considered (during 1995-2025) or any distinction between
smart and feature phones. Polak et al. (2012) followed a questionnaire survey and
estimated, by fitting the Weilbull distribution, a “total” lifespan of 7.99 years for
mobile phones in the Czech Republic, while the service lifespan was assessed at 3.64
years. No further time variation was considered (during 1995-2020) or any

differentiation between smart and feature phones.

Table 2.1 summarizes the literature review data on the prediction of the mobile
phones lifespan. It is concluded that the most suitable method is the adoption of the
Weibull distribution considering a time variance in shape and scale parameters and
making a differentiation in the lifespan of feature and smart phones, which is applied

in this research work.
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Table 2.1

A literature review on the

methods

used to

evaluate

future

sales and mobile phones lifespan.

Reference/ country
of study

Future Sales calculation method

Advantages

Disadvantages

He et al. (2021)/ India

He et al. (2018)
/China

Polak et al. (2012)/
Czech Republic

Althaf et al. (2019)/
USA

Guo et al. (2017)/
China

Rahmani et al.
(2014)/ Iran

Extrapolated the average historical growth rate till 2035.

For smart phones only the last 2-year average historical growth rate was

used
For feature phones the last 10-year average growth rate was used.

Extrapolated the average historical growth rate till 2035.

For feature phones the 6 year-average historical rate was used

For smartphones the annual growth rate by the Chinese Academy of
Environmental Planning was adopted

Extrapolated sales data by the logistic curve till 2020

Used the logistic curve to simulate sales incorporating growth-
saturation-decay phases

Used the logistic curve to describe mobile procession and not sales.

Used the logistic curve to directly simulate the waste mobile phones
generation

Simple method for forecasting

Simple method for forecasting

The logistic curve is suitable to describe sales, but
phases of growth-saturation-decay must be
incorporated.

The logistic curve is suitable to describe sales,
phases of growth-saturation-decay must be
incorporated

Possession data are successfully described by the
logistic curve

Can be unreliable when significant fluctuations in historical data exist
Can be unreliable when the purchasing power per person is not taken into account
Suitable for short-term forecasting

Can be unreliable when significant fluctuations in historical data exist
Can be unreliable when the purchasing power per person is not taken into account
Suitable for short-term forecasting

If sales have reached saturation phase -plateau (2010) the decline phase should be taken into account
instead of extending the plateau (for 10 more years)

The decline phase is ignored in this work: the decline of sales due to substitution by new technological
products (smartphones substituting feature phones) is not considered

No distinction between feature and smart phones is considered.

No distinction between feature and smart phones causing inaccuracies as the feature phones possession may
be reduced and substituted by the rising smartphones.

The logistic curve is suitable to describe technology diffusion (sales/adoption) rather than waste generation

Reference/ country
of study

Lifespan calculation method

Advantages

Disadvantages

He et al. (2018)/
China

He et al. (2021)/ India

Rahmani et al.
(2014)/ Iran

Guo et al. (2017)/
China

Polak et al. (2012)/
Czech Republic

Weibull distribution with fixed values for shape and scale parameters
adopted from literature.

Weibull distribution with fixed values for shape and scale parameters
adopted from literature.

Weibull distribution with fixed values for shape and scale parameters
calculated by questionnaire survey

Weibull distribution with fixed values for shape and scale parameters
calculated by questionnaire survey

Weibull distribution with fixed values for shape and scale parameters
calculated by questionnaire survey

Weibull distribution is appropriate to describe the
products lifespan

Weibull distribution is appropriate to describe the
products lifespan

Weibull distribution is appropriate to describe the
products lifespan

Weibull distribution is appropriate to describe the
products lifespan

Weibull distribution is appropriate to describe the
products lifespan

« Time variance in shape and scale parameters is neglected during 2000-2035.

Values adopted from literature may not be suitable for the period applied in the study.

« Time variance in shape and scale parameters is neglected during 2010-2035.

Values adopted from literature may not be suitable for the period applied in the study.

« Time variance in shape and scale parameters is neglected during 2005-2040.

The survey method has some disadvantages as it depends on consumer behaviour and is difficult to estimate
for an extended period.
Lifespan differentiation between smart and feature phones is neglected

« Time variance in shape and scale parameters is neglected during 1995-2025.

The survey method has some disadvantages as it depends on consumer behaviour and is difficult to estimate
for an extended period.
Lifespan differentiation between smart and feature phones is neglected.

« Time variance in shape and scale parameters is neglected during 1995-2020.
* The survey method has some disadvantages as it depends on consumer behaviour and is difficult to estimate

for an extended period.
Lifespan differentiation between smart and feature phones is neglected.
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1.2 Material flow analysis: case study laptops/tablets

As can be seem in Table 2.2, a lot of works deal with historic laptop waste
estimations and not future projections. These works use average laptop weights that
apply for the period under examination and average lifespan. More recent studies
make future laptop waste estimations using material flow analysis and Weibull
distribution function for laptop lifespan. In the study of Althaf et al. (2019), the
logistic function is used to predict future sales incorporating phases of growth,

saturation and decline.

Table 2. 2 Literature studies on laptop waste estimation

Reference Country Laptop weight Metals Examined Average lifespan
period
Van Eygen et al., 2016 Belgium Average weight ~ Ag, Au, 2013 ND
2.84 kg Pd, Ni,
Fe, Cu,
Al
Kahhat and Williams, USA 2.7kg 2010 ND
2012
Agamuthu et al., 2015 University of ~ ND 2012 5 years
Malaya,
Malaysia
Duygan and Meylan, Switzerland 3.5kg Ag, Au, 2011 4 years
2015 Pd, Cu
Wang et al., 2013 the 4.6 kg (1995) 1995 and 5 years (1995)
Netherlands 3.7 kg (2005) 2005 4.7 years (2005)
Althaf et al., 2019 USA 3 kg 2000-2025 4 years

1.3 Material flow analysis: case study Lithium lon Batteries

In the case of LIB waste estimation, Table 2.3 summarizes the main parameters
of the literature studies concerning the EU region, the timeframe, the main
assumptions, the system boundary inputs and outputs and compares them to the
present study. Most of the existing studies examine battery waste flows with a focus
on the entire European continent (Abdelbaky et al., 2021; Drabik & Rizos, 2018) or a
specific country (Ireland) (Fallah et al., 2021) or region (Catalonia) (Crespo et al.,
2022). There are rarely studies that examine the 27 European countries and correlate

the available capacities of second life (B2L) LIBs with and the required battery
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capacities to support stationary storage for PV Energy production for specific
countries like Germany and France, the member countries with the higher EV

adoption.

Moreover, only two studies consider the remanufacturing option (but this is
examined at a fixed and not a dynamic rate) (Abdelbaky et al., 2021; Bobba et al.,
2019) and only one examines the dynamic recycling efficiency for the metal recovery
in Catalonia region (Crespo et al., 2022). There is no study adopting the 3-parameter
Weibull distribution for the batteries lifetime in the EU region. The different cell
technologies are either not considered or only 3 or 5 are examined. Only the present
study and the study of Crespo et al. (2022) for the region of Catalonia examine eight

different technologies.

49



Chapter 2

Table 2.3. Comparison of this work with literature studies for the EU region

on LIB waste. (B: Battery; EB: Electric battery).

Region Reference Forecast B lifespan scenario B lifespan System boundary Residual Vehicle Waste results Metals & Metals B Inflows EoL Volume
Discard Probability scenario capacity for type per B cell materials recycling
Function Discard 2U technology efficiency
(1% use) Probability
Function (2"
use)
1 Europe Abdelbaky et 2040 normal distribution normal Remanufacturing (fixed BEV+ BEVs, 8 (NMC 111, NMC  Li, Ni, Co, not One scenario: Europe EV For recycling: 3 million B
al., 2021 (=9-13Yy) distribution rate) for BEV+PHEV, PHEV 80 PHEVs 532, NMC622, NMC Cu, graphit  considered market share at 22 % of /125 GWh (2040). For
(U=3-6y) Reuse for BEV+PHEV, % 811, NCA, LMO, global sales until 2030 . 2U (2040 annual)>70
Recycling LFP, advanced and Annual EV sales 2.8 million GWh
beyond Lithium ion) vehicles (2025) and 5 million
(2030).
2 EU Bobba et al., 2005-2035 truncated lifetime: fixed lifetime Remanufacturing (0 and BEV+ BEVs, 5 (NMC 111, NMC Li, Co not One scenario: Annual EV 2U: 0.5-1.75 million B /
2019 10 % of the batteries (either 5 or 12 20 %) for BEV+PHEV, PHEV 60- PHEVs 532, NMC622, considered sales 4 million vehicles 9-34 GWh
6y, 40 % 8y, 40 % years) Reuse (0:-20 %:2005- 80 % NMC 811, NCA) (2030). (2035)
10y, 10 % >12y 2030) and 70 % for
BEV+PHEV, Recycling
3 Catalonia Sanclemente 2017-2050 2-par Weibull Weibull Reuse (10-25 %: 2017- BEV BEVs, Li, Ni, dynamic Two scenarios: Low and High EoL LIBs by 2030: 2.4-
(Spain) Crespo et al., distribution (lifetime: distribution 2030) and (10-75 %:2017- 80 % PHEVs Co, Cu 8.4 thousand, by
2022 10y and 10-16 y) (lifetime: 4y 2030) for BEV, Recycling 2040:7.4-55 thousand,
and 4-12y
4 Ireland Fallah et al., 2010-2050 2-par Weibull - Reuse (0-40 %:2010- EV 80 % EV -- - - Three scenarios taking into Available for 2U: 413-
2021 distribution (lifetime: 2050) and (0-80 %: 2010- account regulations 1387 MWh in 2050
11y) 2050) for BEV, Recycling
5 U.K Kamran et al., 2018-2050 fixed 14 y & 3y for 5y Reuse & Recycling (0-80 EV 80 % 3 (NMC622, NMC Li, Co, Fixed Three scenarios taking into EoL LIBs from EV+ grid
2021 shared mobility cars % (2020)-99 % (2030)). 811+ LMO) Ni, Mn (94-99 % for account penetration of shared storage applications 0.99
The study accounts for all metals) mobility million in 2046, 0.1
EoL EVB and EB from million 2U
grid storage (10 y lifetime)
6 Europe Drabik & Rizos, 2010-2040 fixed lifetime of 8 fixed lifetime EV 80 % Li, Co, Two fixed One scenario, 1 million EoL LIBs 1.2 million /46
2018 years of 10 years Ni, Al scenarios and (2020), 2.5 GWh (2030), 2.6
2 collection million (2025) and 5 million million/104 GWh (in
rates (2030) 2035) and 5.4
(65-85 %) million/215 GWh (in
2040)
7 EU-27, present study 2010-2040 3-par Weibull Weibull Remanufacturing BEV+ BEVs, 8 (NCA, LMO, LFP,  Li, Ni, dynamic Two scenarios: Low (STEPS) EoL LIBs 0.82-1.3
Germany, distribution (two distribution (8 (SoH>90 %) for PHEV 80 PHEVs NMC111, NMC523, Co, Cu and High (SDS) 5.4-10.3 million/24-43 GWh (in
France lifetime scenarios: 4- y) BEV+PHEV, Reuse for % NMC622, NMC811, million (2030) EU-27. 2030), 1.14-3.3 million/

8-12y & 4-10-16 y)

BEV+PHEV, Recycling

NMC955)

38-137 GWh (in 2035)
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1.4 Material flow analysis: case study solar photovoltaic (PV) waste

As far as solar photovoltaic (PV) waste is concerned, PV panels are one of the
fastest-growing future waste streams under the category of large electronic waste
(WEEE). It is also one of the most important waste streams, as it contains valuable
elements like selenium, tellurium, gallium, molybdenum, and indium (Xu et al.,
2018). The assessment of future PV waste amounts is of primary importance to plan
their efficient management. Previous works have estimated PV waste in Italy, Spain,
Austria, Flanders region in Belgium, Mexico, India, Australia, USA and the OECD
countries (Paiano, 2015; Santos et al.,2018; Dobra et al., 2020; Peeters et al, 2017,
Dominguez, and Geyer, 2017; Gautam et al., 2021; Mahmoudi et al., 2019;
Dominguez and Geyer, 2019; Mahmoudi et al, 2021). The differences in the
methodology and the main parameters used in this study compared to the literature are
reported in Table 2.4.

A key difference from all previous studies is that this is the first work to
estimate future panel waste based on future PV deployment capacity commitments as
accurately referred in the NECP of each country and not by projections based on
historical trends. Thus, the estimations of future PV waste amounts in this study are
more precise as the limitations of forecasts based on historical trends, are overcome.
Indeed the latter forecasting method may fail if the past trend changes in the future, as
is the case with the promotion of renewable energy technologies in the EU. Second,
all previous studies used either a fixed lifetime or a probability distribution
considering an Early and Regular Loss scenarios as proposed by IRENA (Weckend et
al., 2016). This is the first study that, in addition to the previous lifetime scenarios,
also examines the scenario proposed by EU WEEE Directive and E-waste Statistics
(EU, 2017; Forti et al., 2018). Applying a fixed lifetime is not accurate as the failure
pattern of a panel is not constant over time, but rather follows a probability
distribution. Indeed, when real life data were evaluated, the use of a lifespan
following a probability distribution was more suitable to describe PV panels’ failure
mode (Weckend et al., 2016; Solar America Board, 2013). The Regular Loss (RL) and
Early Loss (EL) scenarios are widely used in the literature but there are no reported
works for EU WEEE scenario. The EL and RL scenarios employ a characteristic
lifetime of 30 years, while the EU-WEEE adopts 25 years resulting in average PVs
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lifetimes of 26.6, 27.7 and 22.5 years, respectively. The last scenario adopts a shorter
lifetime, but this can reliably model the PV panel failures in conditions of

transportation, installations and use in the EU.

Third, the waste per PV technology is not considered in the case of the EU
countries such as Spain, Austria and Belgium (Santos et al., 2016; Dobra et al., 2020;
Peeters et al., 2017)9. In the case of Italy, only five different technologies (c-Si, a-Si,
Cd-Te, CISG, CPV) are considered (Paiano, 2015), as opposed to eight in the current
study (c-Si, a-Si, CdTe, CIGS, CPV, OPV, Advanced c-Si, Other). The evaluations
for India and Mexico consider only three to five different technologies (Dominguez
and Geyer, 2017; Gautam et al., 2021) and only the assessments for Australia and
OECD countries consider eight technologies (Mahmoudi et al., 2019; Mahmoudi et
al., 2021). As these PV panels have different structure and materials, different
approaches are required regarding processing, recycling, and treatment to recover the
valuable components. A quantification analysis of the respective shares is important
for the PV-recyclers. Thus, the current work presents significant information for all
EU countries. Fourth, this study considers 22 different metals and materials including
critical metals (e.g., gallium, indium and tellurium), precious metals (e.qg., silver), and
toxic metals (e.g., cadmium, lead, selenium). Previous studies for EU countries either
don’t assess any material or evaluate less metals and materials (5-14 materials). The
studies for non-EU and OECD countries also assess 21-22 metals and materials
(Mahmoudi et al., 2019; Mahmoudi et al., 2021). Fifth, the conversion from installed
PV power to mass is either fixed or fixed per technology or panel architecture in most
studies, not accounting for the time factor that includes the technological
improvement in the panels’ efficiency and the material savings in new panels. In the
current study (and in the case of Spain (Santos et al., 2018)), the conversion factor
(tonnes per MW) was fitted to an exponential decay function as proposed by IRENA
(Weckend et al., 2016). This makes the estimations more accurate and adds value to
the presented results. Sixth, the present study and the OECD countries study are the
only ones that provide a timescale for launching an economically viable recycling
industry for PV panel waste. In the past, the low PV panel waste amount was the main
reason behind the unsuccessful attempt of the German recycling company Solar
World (Klugmann-Radziemska et al., 2010). For a recycling industry to be successful

it needs reliable predictions on panel waste amounts, as well as their composition.
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This will eliminate the investment risks associated with operating a recycling industry
(Peeters et al., 2017).
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Table 2 .4. Comparison of this work with literature studies on solar photovoltaic (PV) waste.

Country Reference PV lifespan scenario Waste results per PV PV waste Forecast Power to mass Metals and materials
technology conversion
1 Italy 3 fixed 25 years ¢-Si, a-Si, Cd-Te, CISG, PV 2050 fixed per technology 14 (Al, Si, Cu, Sn, Pb, Zn, Ag, In, Ge, Se, Ga, Cd, glass,
Emerging-CPV modules EVA)
2 3pain 4 Regular Loss, Early Loss no data PV 2050 exponential decrease** 5 (Al, Si, Cu, Ag, glass)
modules
3 Austria 5 Regular Loss, Early Loss no data PV 2050 declining *** no data
modules
4 Flanders 6 fixed 20-35 years for no data PV 2040 fixed per different PV 8 (Cu, Ag, Si, Al, EVA, glass, PET, ABS)
Belgium different scenarios modules panel architectures
5 Mexico 7 fixed 30 years ¢-Si, a-Si, CdTe, CIGS, Other BOS* 2045 22 (Ag, Al, Cu, Ni, Fe, Ti, Sn, Zn, Cr, Mn, Mo, Cd, Pb,
fixed Se, Mg, Ga, In, Te, Si, Steel, EVA, Glass)
6 India 8 fixed 25 & 30 years, Regular Si-based, CdTe, CiGs BOS* 2047 fixed per technology 21 (Ag, Au, Al, Cu, Ni, Fe, Ti, Sn, Zn, Cr, Mn, Mo, Cd,
Loss, Early Loss Pb,Ta, Se, Mg, Ga, In, Te, Si)
7 Australia 9 fixed 30 years, Regular Loss, ¢-Si, a-Si, CdTe, CIGS, CPV, PV 2060 fixed per technology 22 (Ag, Al, Cu, Ni, Fe, Ti, Sn, Zn, Cr, Mn, Mo, Cd, Pb,
Early Loss OPV, Advanced c-Si, Other modules (Si-based, CdTe, CiGs) Se, Mg, Ga, In, Te, Si, Steel, EVA, Glass)
8 USA 10 25-30 years (fixed) no data BOS* 2050 21 (Ag, Au, Al, Cu, Ni, Fe, Ti, Sn, Zn, Cr, Mn, Mo, Cd,
fixed per technology Pb,Ta, Se, Mg, Ga, In, Te, Si)
9 OECD 11 Regular Loss, Early Loss ¢-Si, a-Si, CdTe, CIGS, CPV, PV 2058 fixed per technology 22 (Ag, Al, Cu, Ni, Fe, Ti, Sn, Zn, Cr, Mn, Mo, Cd, Pb,
OPV, Advanced c-Si, Other modules (Si-based, CdTe, CiGs) Se, Mg, Ga, In, Te, Si, Steel, EVA, Glass)
10 EU-27 this study Regular Loss, Early Loss and  ¢-Si, a-Si, CdTe, CIGS, CPV, PV
EU-WEEE OPV, Advanced c-Si, Other modules 2050 exponential decrease**

22 (Ag, Al, Cu, Ni, Fe, Ti, Sn, Zn, Cr, Mn, Mo, Cd, Pb,
Se, Mg, Ga, In, Te, Si, Steel, EVA, Glass)

*BOS: modules, inverters, transformers, **adopted from [12].
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2. Leaching and recovery of valuable metals from PV panels

Regarding the recycling of waste PV, there is a focus on Ag recovery from c-Si
waste panels. Table 2.5 summarizes the leaching conditions used in various studies on
Ag leaching from PV panels. The most common method for Ag recovery from solar
cells is etching/ leaching in acidic solution using nitric acid (HNO3). Various pre-
treatment techniques are applied for EVA removal, then milling and sieving. As seen
in Table 1, the optimized HNOj3 concentration varies from 2.3-14 N, temperature from

25-80 °C and time from 2 h to complete dissolution.

Various Al leaching conditions are also found in the literature. Theocharis et al.
(2022) reported that the use of 3 N HNOj3 for 2 h at 25 °C could quantitatively leach
Al from PV powder and flakes. However, Chen et al. (2021) leached 76% of Al using
5 M HNO; for 1h at 80 °C, as complete dissolution of Al was not possible due to Al-
Si alloy formation. Since HNO; could also leach Ag, if Ag is to be electrowon, the
simultaneous extraction of Al and Ag should be avoided. In this case, selective
dissolution of Al can be accomplished by H,SO4 (12 M, 3h, 25 °C) (Theocharis et al.,
2022; Park and Park, 2014).

After successful leaching of Ag, recovery of metallic Ag can be achieved by
electrochemical precipitation, in case the concentration in the solution is high enough
(Kuczynska-tazewska et al., 2018), or by chemical precipitation and subsequent
reduction of the silver. For the electrochemical silver precipitation, Dias et al. (2016)
processed 50 mL of leached solutions using a platinum plate (7 cm x 2 cm), a steel
plate (7 cm x 2 cm) with a density of 60 A/cm?, and space between the electrodes 30
mm for 1 h. For the chemical precipitation of Ag, 37% HCI was used. Then, AgCI
was converted to Ag metal powder, first reacting with an aqueous NaOH solution (2%
wt.) while stirring at 200 rpm for 1 h, followed by the addition of H,0, (30% wt.) and
further reaction for 0.5 h. The recovered Ag metal powder can be manufactured into
an ingot using a thermal torch (Yang et al., 2017). Alternatively, high purity Ag
powder can be obtained by ammonia dissolution — hydrazine hydrate reduction of the
AgCl precipitate (Luo et al., 2021).
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Table 2. 5. Leaching conditions for Ag dissolution from PV panels.

Reference Leaching agent Temperature (°C) Time (h)

Kuczynska-Lazewskaa et 3 M HNO; 50 3

al., 2018

Yang et al., 2017 90:10 methanesulfonic acid (99 25 4
wt.%):H,0, (30 wt.%)

de Oliveira etal., 2020 2.3 N HNO; 55 2

Chen et al., 2020 5N HNO; 80 1

Dias et al., 2016 13.8 N HNO; 25 2

Huang et al., 2017 2.6 N HNO; 60 until complete

dissolution
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