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Abstract

The declining cost of manufacturing materials, sharp depletion of fossil fuels, and increasing
energy demand resulted in exponential growth of photovoltaic market. This raises the concern
regarding the management of the massive waste volume when their operational life is
completed. Alarm stems from both the volumes of the waste stream and the potentials for
environmental toxicity associated with the hazardous metals present in some PVs, if damaged
not managed properly or dumped in landfills leading to serious environmental concerns.
Considering this, the present thesis addressed this concern by investigating the following
questions: (1) What is the risk posed by PVs to environment and human health based on
material composition? 2) What is the leaching behaviour of PVs as per standard waste
characterization tests and in realistic landfill/environmental conditions? 3) What are the factors
affecting effective PV waste management from stakeholder’s perspectives? 4) What are

manufacturers and consumers perspectives regarding handling of PV waste.

In present thesis, the literature review of 300 studies was done to compile information on
material composition of various PVs which was used to estimated leaching rates and leaching
rate constants in various environmental matrices. The compiled material composition data and
leaching rates were applied to estimate the leachate composition resulting on hypothetical
dumping of PVs in environment. The fate and transport methodology was applied on resulting
leachate for estimating the exposure point concentrations of various leached metals in soil and
groundwater. Further, the ecological and human health risk was assessed for children and adult.
The results indicated that the children are at highest risk, mainly due to lead. Metals, such as
cadmium, lead, indium, molybdenum and tellurium pose maximum risks for child and adult
sub-populations via soil-dermal pathway followed by soil-ingestion pathway. This is further
proved by calculated high values of contamination factor and geo- accumulation index for

cadmium (102.4), indium (238.9) and molybdenum (16.12).

After theoretical estimation of leaching rates and risk, short-term and long-terms experiments
were performed to investigate the leaching behavior of first- and second-generation PVs in
realistic environmental conditions (MSW leachate) and as per standard waste characterization
tests (short-term) respectively. A one-year leaching study was performed using 15*15 c¢cm? size
modules pieces in broken and unbroken conditions exposed to three synthetic solutions of pH
4,7, 10 and one real MSW landfill leachate. Results indicated that rainwater was found to be

predominant for metal release from silicon-based PV, with silver, lead and chromium being

1



released up to 27%. CIGS PV was found to be least vulnerable in various conditions with
negligible metal release. The maximum metal release observed in the present study is 30% of
the initial amount under the most stressful conditions and minimal metals were released in real
landfill leachate. The findings from short term batch leaching tests indicated that extractions
using landfill leachates resulted in lower metal release than standard methods. The leached
metal concentrations were found to be within the threshold limits except for cadmium, copper,
lead and selenium, with maximum lead release from amorphous-PV. Regardless of small size
(1-2 cm pieces) and agitation, Germany and Japan’s standard tests resulted in minimal release
except of copper from CIGS PV. For all scenarios, increased metal release was observed with
decrease in sample size and increase in leachate dilution and thus, leaching in highly acidic

conditions are by no means representative for modules dumping in realistic conditions.

With respect to third generation solar PVs, potential release values (in terms of loss factors) of
various compounds used in different layers of cells in neutral water and landfill leachate
conditions were estimated using a theoretical exercise. Top five compounds with highest metal
release probability (probability>0.5) were found to be: Pbl,(highest LF)> Cul> Cd(OH)2>
CuSCN> CdO (smallest LF). Also, the identified compounds with lowest risk were: PbSe

<Sb,S; <CdSe <Al,0O; <SnS (lowest probability: 10710 to 10716). With respect to solar cells,
perovskite solar cells were ranked first and quantum dot solar cells were ranked second due in

terms of hazard. Further, the organic and dye-sensitized solar cells are of least concern.

After investigating the leaching behaviour and risk posed by various PVs, stakeholder
perception towards EoL PV waste management was investigated via a survey-based study. As
per results, more than 90% of manufacturers were involved in crystalline-silicon PV business.
Only 20% manufacturers replied when asked on the aspect of EoL mod- ules, showing that the
PV waste is comparatively a new subject and not enough discussion have been devoted to it.
Lack of recycling infrastructure, incentives, and environmental awareness significantly
influence recycling and recuse practices. The maximum probability of the material release from
dumped solar panels was estimated to be 0.053. Risk priority number analysis suggests that
damage resulting to metal leaching as the most significant event. At present, 76% producers
do not recycle or reuse PV waste material, preferably sell them to informal waste recyclers or
rag pickers. Findings from the present study highlight the urgency to develop a suitable system

for collection and management of EoL modules.
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uReedl & 3ER, a8 g5 Aea Nellel, 7o R § Foll 3R FH Hiea drde &
Ty @ 18 Y 3R 50 UHR, s 3Tl IRREATAAr & olifder fhar 8t R
¥ gredfas JRFEUfAar # 59 e gu wrafees & fav yfafafr =@ &

TN YFR & Wlelaiieesd F o H, fivg 7 3R i e ufaal & wieaifces
ol I Faffest 9l 7 39T fohT STt arel fafdtest Acar & wenfad Rt H{eat (Taru-
& T H) HT il eI HT IUANT leh AT FIAT IAT| ITIdH Aol Rellst
THTIAT (FHTGAT> 0.5) aTel 9T JHf3Th: Pbl, (3TAAH TeIUH)> Cul> Cd(OH)2> CuSCN> CdO
(TIY FHF TATH)| 5P 3TATdT, TIY Hd STQH dTel IgaTel 3T Aife A PbSe <SbsS;
<CdSe <Al,0; <SnS (FgeIdH HHATEAT: 107° & 107%)| HR Bickdliocshr ol & HIE H,
RIcTHST TloR el T Ugel TATT U I@T 31T 3R Faies 3ic Tlork AT I Wk & A
F GERT TAT &7 91T | SHeh 3elTalT, 3ifaTeh 3R S1S- HIAETSs Ao’ Uol ot & A FidT ar
s gl

faffet wIcialfecs carT oNfHier SUagR 3R @R I S & d1g, FIGTOT-3TenRd HeadsT
& ATEYH § Piedifecs URISe yaee & Ufa ffdure! $r giSepror fr s i 15|
aRUTTAT & 3TER, 90% @ 318 fATar fhecarsa-afdele wiedfces cgaarg &
MRS | Bietafoee IafAse & Tge W IS STet W had 20% AT ¥ 3o fe2m, a8
g2lTelr § o wiciaifoes 3afIse. Joreicss §9 8 Uah w737 fawar § 3R 380 o gfied ==
oTET hY TS & | YeTeIshUT 3TAETTSAT T 37eTd, WicHTgel AR TATEROT STTEehell JoTeishol 3R
el 3UTET FAT3T T AGeaqof & & FHTAT Ll §| 39 fohv 1T HieR Afell & Aed &
TR & TR FHIGAT 0.053 Blel T I HTT S3TTT ITT|




ST JTATHeAT HET (3.9 TeA.) [A200T § Il Tolell § o Tl HgcaquT Teell & &
A A NG| aTATT H, 76 TTAA ScUTceh hiectalices IUTRISE Aol T JoAtshoT AT
qeT: SUANT 6T A &, HTAATAT: 3o HATaTReh RIS YeTeIshuTendi3it AT T fetel
arell ! ST & | TIHATT 3ETTT & sy 3ratgares 37afse & g 31k gauT & fow
Teh 3Tl YOTTRHT Tl ahel I ATcohiieiehdl 3l SSTIR AT B |
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