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Abstract: In recent years, photovoltaic power generatioriesys have been gaining unprecedented attention as
an environmentally beneficial method to solve thergy problem. From the economic point of view thee
silicon, which can be recapture from the used callshe most important material due to its cost ahortage.

In the paper selected methods of used or damagetllenand cells recycling and experimental resutts a
presented. Advantages and disadvantages of thelseidaes are described, what could be helpful dutire
optimization of the method. The recycling proces®¥ module consists of two main steps: separabicells

and its refining. During the first step cells aeparated due to the thermal or chemical methodgeudéext, the
separated cells are refining. During this procesdass layers are removed: antireflection, metdibn and p-n
junction layer, for silicon base - ready to the nege - gaining. This refining step was realizethwhe use of
chemical and laser treatment as well.
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Production of photovoltaic modules on a commersalle dates back to 1980's. PV
module manufacturers provide a work warranty of30years, so modules produced back
in the 1980’s should be put out of commission aedycled during this decade, while
modules manufactured in 2000 should be recycle@a30. A particularly difficult task is
developing an optimal technology of recycling aodaring its high investment costs. This
question is especially interesting because of theket's demand on silicon for PV cell
production and - consequently - the need for ityakng.

This paper covers selected methods of recyclingl wsedestroyed PV modules and
photovoltaic cells and practical experiments reswlith chemical, thermal and laser
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recycling methods. Advantages and disadvantagéisese methods, helpful in optimizing

the recycling process for commercial use, were riteest.
PV recycling process requires two main stages:

- PV solar cell separation. In this process, cells that are part of the commkiRV
modules have been separated as a result of thermhEmical processes;

- cleaning the surface of PV solar cells. In this process, silicon solar cells separated
from the PV modules underwent a process of putifioa in which unwanted layers
were removed (antireflection layer, metallizatiomdaa p-n semiconductor) - it was
possible to recover the silicon substrate suitdtereuse. Stage surface cleaning of
silicon PV cells was carried out using chemical &ser techniques.

Separation of silicon solar cells from damaged orsed PV modules

In PV module production process, a predeterminechbu of silicon cells is
hermetized with the use of such materials as EVpoboner, Tedlar®, glass. The PV cell
hermetization aims to secure it from harmful efeof atmospheric conditions or from
mechanical damaging. EVA copolymer hermetiziat®mane through covering both sides
of cells with the polymer, while Tedlar® is usedyoan the bottom surface. Additionally,
the front of a PV module is covered with glass (Big

Solar cell

Tedlar® Ribbon

Fig. 1. Encapsulation of PV cells

In order to recycle silicon cells from damaged P¥dules, it is required to introduce
the delamination process [1]. In this process,EMA is removed and materials such as
glass, Tedlar, aluminum frame, steel, copper, dastips are separated. Properties of the
EVA copolymer have been thoroughly analyzed in pgpe The delamination process was
conducted through two methods:

e Chemical treatment;
e Thermal treatment.

Chemical treatment in PV module recycling

As a result of the conducted chemical delaminatidth tetrahydrofurane (THF)
(Fig. 2) it was possible to separate the matefials a damaged PV module.
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Fragments of damaged PV iy

Fig. 2. The process of the removing of PV cell grsedation using THF

The efficiency of the used method of chemical wreatt was insufficient. Too long
period of time needed for achieving satisfying hssun conjunction with a fairly high price
of the solvent used, does not justify the use & thethod for commercial PV cell and
module recycling purposes. That is why, thermalttreent was proposed and investigated.

Thermal treatment in PV module recycling

In order to separate silicon photovoltaic cellsvfra damaged PV module, the module
was placed in a Sikbed which then was heated, to increase its teraperan time (Fig. 3).
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Fig. 3. The stand-up for the photovoltaic modutaifeation removing

In comparison to chemical treatment, the duriaténthe process is significantly
shorter, also the problem of spent solvent doesosotr. However, a disadvantage of
thermal treatment is the emission of gas during E&Gpolymer thermal degradation.
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Nevertheless, this method, taking into accounsiitsplicity and high efficiency, may be
used in commercial PV recycling installations.
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Fig. 4. The process of thermal removing of PV medericapsulation

When comparing chemical treatment with thermaltineat, it was found that for the
delamination process, thermal treatment is a farenwnvenient method to use. With
a moderate energetic cost, it is possible to olidetter process effectiveness. On the other
hand, chemical treatment effectiveness is fairly, lthe process lasts for a longer period of
time, which additionally decreases effectivenedse Price of chemical compounds used,
because of their type as well as their quantifeefigh. Additional costs of waste solution
disposal must also be taken into account in casberhical treatment.

Surface purification of PV modules

Another stage of PV cell and module recycling eaftell separation - is the recovery
of pure silicon. In order to extract the silicorsbdrom exploited, obsolete or damaged PV
cells, two methods were introduced: chemical treatnand laser surface cleaning.

Chemical treatment of silicon-based PV cells

After separating the cells from PV modules, in ortterecover pure silicon, different
layers of material, put on in the production pracenust be removed in specific order:
frontal metallization, bottom metallization, anflegtive coating and n-p junction
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connector. A chemical process of removing differtayter, needed for recovering the
silicon bed, was designed (Fig. 5).
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Fig. 5. Recovery of silicon base from the damagéaélls

The main problem is choosing the proper compositidnetching solutions, its
concentration and optimal process temperature.
The application of laser technique for PV cell surice purification

Two types of PV cells were chosen for experimerttge-samples for unnecessary layer
removal originated from mono- and polycrystallifefvoltaic cells (Fig. 6).

Fig. 6. Selected samples for the surface cleanitigtive use of laser

The experiments were carried out with the use obdgmium impulse laser
(wavelengthh = 1064 nm) Nd:YAG Yttrium-Aluminum-Garngt frequency up to 120 Hz,
beam energy of 300 mJ per impulse, with 10 ns lonmylses. It was possible to remove the
aluminum bottom metallization and the antirefleeticoating from the PV cells.
(Figs 7 and 8).
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Fig. 7. Removing the ARC layer from PV cells uslager technology

Fig. 8. Removing the back metallization from the &\Ms, using laser technology

When comparing the methods used, it was determtim&dchemical treatment is far
more advantageous. Because of the laser methagltsprice and low effectiveness, it is
essential to further improve and optimize chemioathods of removing unwanted layers
from PV cells. An estimated time of removing layeiigh the use of laser method is about
1 min/cnd.

When utilizing chemical treatment, it is possibée gurify the whole cell's surface
during that time. For chemical purification, thdéldaing etching solutions may be applied:
HF/HNOy/H,0, H:SiFs/HNOs/ H,O or H,SiFs/HNO3/C,H,40; [3-5].

Conclusion

The reason for conducting experimental work descriim this paper was the effort to
solve a more and more important problem of recgctibsolete, damaged or exploited PV
devices with a minimal impact on the environmerd arith acquiring ecologically as well
as economically worthy results.

The results of PV cell separation processes ancniaa layer removal processes, in
order to recover pure silicon, show that recyctifi¢V modules is possible.
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Separation of cells from damaged PV modules throcigbmical treatment is not
economically worthwhile, a far more better solutisrto use thermal treatment. Also, the
implementation of laser techniques in unwanted rlagenoval stage, in comparison with
chemical treatment, is also disadvantageous. Aimapsolution is to use thermal treatment
for cell separation and chemical treatment for reimgp the metallization, contacts,
antireflective coating and the n-p junction.
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Abstrakt: W ostatnich latach systemy fotowoltaiczne sta¢ bardzo popularne na calgwiecie jako korzystne
dla srodowiska rozwizanie probleméw energetycznych. Zagadnienie zagiaspwania ziytych elementow
systeméw fotowoltaicznych, ktérych flow przyszidci maze by znaczna, nie zostato do tej pory opracowane.
Konieczne jest znalezienie optymalnej metody rengkl i ponownego wykorzystania wycofanych zycia
elementéw sktadowych systeméw PV. W artykule prizegi®no wybrane sposoby prowadzenia recyklingu
zwzytych lub uszkodzonych modutéw i ogniw fotowoltaigzh oraz praktyczne wyniki prac eksperymentalnych
z wykorzystaniem metod: chemicznych, termicznycedechniki laserowej. Opisano wady i zalety staogh
technik, pomocne przy optymalizowaniu metody reigdd dla zastosowakomercyjnych. Proces recyklingu
modutéw PV wymaga zastosowania dwoch zasadniczyap6we: separacji ogniw PV i oczyszczania ich
powierzchni. W procesie separacji ogniwa - wchgdzw sktad modutu PV - zostajozdzielone w efekcie
zastosowania proceséw termicznych lub chemicznyh.nastpnej fazie ogniwa poddaje esiprocesowi,

w ktérym usuwa si niepazadane warstwy: antyrefleksyjn metalizac} oraz zhcze n-p, aby uzyskapodiaze
krzemowe, nadage st do powtérnego zastosowania. Etap oczyszczaniagpmpetini krzemowych ogniw PV
realizowano z zastosowaniem obrébki chemicznej trelaniki laserowej.

Stowa kluczowe:ogniwa fotowoltaiczne, krzem, recykling, enerdiangeczna, odnawialngddta energii
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