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INTRODUCTION

Malaysia aims to change electricity production from fossil
fuels to renewable energy sources. Government expects to
increase the renewable energy [1] such as wind, geothermal,
biomass, hydro and solar energy to 20% of the production
mix by year 2025. Malaysia is situated in equatorial region
[2], the monthly average sunshine duration about 4 to 8 h.
Table-1 showed the solar irradiance level of different towns
in Malaysia [3]. Kota Kinabalu and Kuching provinces received
the highest and the lowest solar radiation, respectively. There
are several programs or projects were implemented in order
to enhance the development of solar energy in Malaysia. The
installed capacity of solar energy increased from 0.54 MW
(2010), 165.78 MW (2014), 370.07 MW (2017) to 882.02
MW (2019) due to the availability of sufficient sunlight [4]
and irradiance level. The government expects to achieve the
second largest producer of solar energy in the world and to
reach 45% reduction [5] of greenhouse gas emission by 2030.
Table-2 shows that five projects having a capacity almost 500
MW have been selected under Malaysia Large Scale Solar
programme [6,7]. Malaysia solar industries have made a great
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__________________ _
TABLE-1
SOLAR IRRADIANCE LEVEL OF
DIFFERENT TOWNS IN MALAYSIA
Kuching 1470 kWh/m?
Kota Kinabalu 1900 kWh/m?
Johor Bahru 1625 kWh/m?
Petaling Jaya 1571 kWh/m?
Seremban 1572 kWh/m?
Senai 1629 kWh/m?
Kuantan 1601 kWh/m?
Ipoh 1739 kWh/m?
Bandar Baru Bangi 1487 kWh/m?
Bayan Lepas 1809 kWh/m?
Taiping 1768 kWh/m®

strides and are the world third largest manufacturers of photo-
voltaic equipments such as solar wafers, solar cells and solar
panels (Table-3).

Photovoltaic panel can convert the sun energy into
electricity [8]. Electricity produced could be used for powering
household appliances and equipment. The panels are made
out of small photovoltaic cells that are connected together [9].
Currently, the panels could be divided into three groups [10],
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TABLE-2
PHOTOVOLTAIC PROJECTS UNDER MALAYSIA LARGE SCALE SOLAR PROGRAMME IN PENINSULAR MALAYSIA
Developer Location Capacity (MW)
ib vogt GmbH and Coara Solar Sdn Bhd Marang, Terengganu 100
Cypark Resources Berhad and Impian Bumiria Sdn Bhd Marang, Terengganu 100
JKH Renewables Sdn Bhd and Solarpack Asia Sdn Bhd Kuala Muda, Kedah 90.88
ENGIE Energie Services SA and TTL Energy Sdn Bhd Kerian, Perak 100
Konsortium Beseri Jaya Sdn Bhd and Hanwha Energy Corp Singapore Pte Ltd  Pekan, Pahang 100

TABLE-3
PHOTOVOLTAICS MANUFACTURING IN MALAYSIA
Company Location Sl ce =
capacity
TS Solartech Penang Science Park 500 MW
First Solar Kulim Hi-Tech Park 2000 MW
JA Solar Penang 400 MW
Jinko Solar Penang 500 MW
Panasonic Energy Malaysia Kulim Hi tech Park 300 MW
Q-cells Malaysia Cyberjaya 1100 MW
Sun Power Malacca 1400 MW
Longi Solar Kuching, Sarawak 600 MW

namely monocrystalline photovoltaic panel (most efficient and
expensive), polycrystalline photovoltaic panel (less efficient
but more affordable) and thin films photovoltaic panel (the
cheapest and least efficient). In this work, disposal methods
of monocrystalline photovoltaic panels will be highlighted and
discussed.

Solar energy is one of the renewable energy. It has many
advantages if compared to other renewable energies such as
biomass, hydro, wind and geothermal energy (Table-4). Solar
photovoltaic development has remarkably grown since the
early 2000s. Because an average panel lifetime is 30 years,
17,000 tonnes of solar panel wastes are anticipated in the year

2030 in Malaysia. As the solar photovoltaic market increases,
so will the volume of decommissioned photovoltaic panels.
Increasing the photovoltaic panel wastes represents a new
environmental challenge, but also miraculous opportunities
to create value and pursue new solar photovoltaic end-of-life
industries economic route [25].

Malaysia has developed a comprehensive set of legal
provisions related to the management of toxic and hazardous
wastes. The regulation [26] is based on the cradle to grave
principle as shown in Table-5. A facility which generates, stores,
transports, treats or disposes scheduled waste is subject to the
following regulations based on Malaysia’s Department of
Environmental are as follows:

Global photovoltaic waste management: It is proposed
that the global solar energy leaderboard current approaches to
the management of photovoltaic waste. The current manage-
ment of most comprehensive end-of-life panels is used in the
selected EU membered countries, including China, Japan, UK,
India and USA. Six case studies were selected to study of matu-
rity of the development of photovoltaic waste management.

In Germany, Deutsche solar developed a recycling system
mainly to recycle the standard crystalline silicon module. This
system is widely used. The system is used to separate module
components in two steps of processes (Fig. 1).

TABLE-4
ADVANTAGES AND DISADVANTAGES OF DIFFERENT TYPES OF RENEWABLE ENERGIES

The advantages of solar energy:

e [t does not pollute the water [11]; ® Low maintenance costs [12]; @ Reduces electricity bills [13]; e It does not produce greenhouse gases [14]

The disadvantages of:

Wind energy Ref. Hydro energy Ref. Geothermal energy Ref.  Biomass energy Ref.
Noise [15] Expensive [18]  High initial capital costs [20] Not entirely clean [22]
Remoteness of location [16] Droughts Releases greenhouse gasses Relatively inefficient
Aesthetic impact Affected fish habitats [19] Inefficient geothermal heat pump Lead to deforestation ~ [23]
Wind turbines dangerous to [17] Limited reservoirs Sustainability issues [21] It needs a lot of space  [24]
animals
TABLE-5
NATIONAL RULES AND REGULATION
No Legislation/Regulations/Guidelines
1 Environmental Quality (Scheduled Wastes) Regulations 2005
2 National Renewable Energy Policy and Action Plan
3 Environmental Quality (Prescribed Conveyance) (Scheduled Wastes) Order 2005
4 Environmental Quality (Prescribed Premises) (Scheduled Wastes Treatment and Disposal Facilities) Order 1989
5 Environmental Quality (Prescribed Premises) (Scheduled Waste Treatment and Disposal Facilities) Regulations 1989
6 Customs (Prohibition of Export) Order (Amendment)(No. 2) 1993
7 Customs (Prohibition of Import) Order (Amendment)(No. 2) 1993
8 Renewable Energy Act 2011
9 Sustainable Energy Development Authority Act 2011

—
(=)

Basel Convention Control of Transboundary Movements of Hazardous Wastes and Their Disposal
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Fig. 1. Crystalline silicon module processing procedure in Frelberg

First, a frame and glass are sorted and disassembled for
recycling. Subsequently, the thermal treatment is employed
to remove glass plates and metal frames. The solar cell array
is left sandwiched between a back sheet and resin of ethylene
vinyl acetate (EVA). To obtain at the cells, the back sheet and
resin must be removed [27]. Copper, plastic materials and
silicon powder are obtained at the end of the entire process
[28].

Second, the structure of solar cell is removed through etch-
ing for silicon wafer recovery. Etching is performed by subjec-
ting the solar cell to a chemical process and by cleaning till a
novel silicon wafer is obtained. Retreated wafers can be reetched
and employed as new solar cells. Etching process steps include
anti-reflection coating removal, metallization removal, surface
finishing, n+ and p+ doping isotropic removal, rinsing and
drying [29]. However, solar silicon recovery from the broken
solar cell is highly economical. This technology enables the
recycling of completely worn-out modules, broken modules,
and production waste and provides recycling rates of >95%
[30].

Due to its low waste volume, the mature recycling industry
of photovoltaic panels is not available in China. Under China’s
Safety Disposal Research and National High-tech R&D
Programme photovoltaic recycling from 2012-2015, China has
focused on two recycling methods for crystalline silicon solar
photovoltaic management. These techniques are based on thermal
or physical recycling. Physical recycling involves various proc-
esses, such as cryogenic grinding, crushing and separating
yield glass cullet, aluminium, ethylene vinyl acetate, copper,
back sheet particles, and a mixture of silicon powders. The
recycling rate is approximately 90% by mass. However, due
to its low purity, silicon cannot be recycled to be used in photo-
voltaic industries. In thermal recycling, clean cell debris is
subjected to a thermal treatment, and then, is employed in the
chemical experiments for silver, silicon and aluminium recycling
[31].

United Kingdom has specified some rules for defining
photovoltaic producers and thus, has provided an extended
producer responsibility principle when WEEE directive was

transposed in the National Law. In National Legislation, the
UK government developed a novel separate category for finan-
cing the recycling and collection of photovoltaic panels [32].
The development of this separate photovoltaic category
provided the photovoltaic sector considerable control over the
financing of photovoltaic panel recycling and collection.

Fig. 2 presents an example of the technology of photo-
voltaic recycling developed in 2014 under New Energy and
Industrial Technology Development Organization (NEDO).
The technology allows different panels (thin-film Si, c-Si and
copper indium selenide) to be separated automatically and
comprises four main processes: back sheet removal, aluminium
frame removal, copper indium selenide (CIS) layer scraping
(only for CIS panels) and the burning of ethylene vinyl acetate
resin. Currently, technology is in the experimental phase. The
early loss annual throughput of technology is approximately
12 and 7 MW for c-Si and CIS panels, respectively, depending
on the type and size of panel [34]. This throughput is attained
by investigating optimal collection, removal, sorting and deve-
loping a low-cost recycling technology.

Aluminium Back Glass &
frame »  sheet EVA burning »  Sicell
removal removal recovering
: v v
&
Modul B Glass CIS layer
CElS N crushing scraping

loading

=

Aluminium@  Si cell CIS metal
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Thin-film Si Recovering valuable materials
Crystalline Si

Fig. 2. Foundation for Advancement of International Science (FAIS) PV
panel recycling system [Ref. 33]

The Resource Conservation and Recovery Act does not
specify any requirements for photovoltaic panels. For waste
management, the panels must be treated under the general
regulatory framework. Two types of hazardous wastes are as
listed and characteristic hazardous wastes. Listed hazardous
waste is the actual listings of specific hazardous waste types.
Because the end-of-life photovoltaic panel is not the listed
hazardous waste, these panels must be analyzed using the chara-
cteristic hazardous waste method. This purpose is achieved
by determining whether extracts from the sample represen-
tative of waste comprises contaminants which exceed regula-
tory levels.

Recently, photovoltaic has been deployed on a large scale;
thus, the major waste volumes of end-of-life photovoltaic may
not be expected in India until after 2030. General waste regula-
tions cover the waste generated through photovoltaic panels.
For photovoltaic panels, numerous recycling processes and
treatment are under development worldwide; however, only
two recycling methods and treatments are tailored for photo-
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TABLE-6
SPECIFICATION OF EDXRF TEST

Instrumentation

Measurements were performed using PANalytical MiniPal 4 — a benchtop energy dispersive X-ray fluorescence

(EDXRF) spectrometer, spectrometer, equipped with a 30 kV rhodium anode tube, a helium purge facility, a high-
resolution Silicon Drift Detector, a spinner and a 12-position removable sample changer [Ref. 36]

Sample S-ENERGY, Model SM-295PC8

Sample preparation

Manual dismantling to separate aluminium frame and cut solar soft layer into required circular diameter of 2.3 cm.

The outer glass protective layer is removed leaving the soft layer of cell encapsulate by EVA to put in sample cup of

XRF machine.
Measurement procedure

The total measurement time per sample was less than 20 min

voltaic panels. These methods are tested and implemented at
First Solar’s treatment Co. and Deutsche Solar’s treatment Cp.
for cadmium telluride and crystalline silicon panels, respec-
tively.

Disposal of c-Si photovoltaic panels suggested for imple-
mentation in Malaysia: Thanam Industry Sdn Bhd is the licensed
provider of recycling solutions and waste management in
Malaysia. These solutions comprise all the common recycling
services that incorporate the areas of material storage, recycling
and transformation into safe disposal or renewable resources
[35]. The elemental analysis energy dispersive X-ray fluore-
scence (EDXRF) analysis is based on the following principle,
when excited using an external energy source, individual atoms
emit the X-ray photons of a characteristic wavelength or energy.
The test was performed to compare the data result with the
theoretical element. Table-6 presents specification to conduct
the test.

Under the same conditions, two tests were performed to
optimise the accuracy excitation of the element group. The
element result was tabulated after the sample result was obtained.
The results were compared with the measurement conditions
presented in Table-7. A solar panel comprises approximately
75% glass; however, this glass is removed before tests. There-

fore, silica cannot be detected. Table-8 presents the details of
sample preparation.

TABLE-7
MAIJOR STANDARD ELEMENT IN SOLAR PANEL
Condition Filter Element composition in descending order
1 No .
’ No Al, Si, Cu, Ag, Pb

According to solar panel weight, the respective element
weight composition was a silicon solar panel (Table-9). Accor-
ding to element composition, the respective element percentage
constitutes the total elements detected in the solar panel sample.
The comparison of references with the EDXRF provided the
trend of the element composition constituting in solar panels,
where silicon has the highest composition. The literature has
shown that silicon has the highest weight composition in the
total weight of solar panels.

Lead and copper are the main elements employed in solar
panel manufacturing. Lead and copper interchange the position
and copper is supposed show a higher percentage than lead.
Because lead and copper exhibit a similar percentage compo-
sition, the location of percentage compositions may interchange

TABLE-8
FLOW ON PREPARATION OF SAMPLE TO TEST

1. A faulty solar panel is obtained from solar PV site in Kuala Perlis.

2. Solar panel side and Aluminium frame is screwed. a screw driver is used to manual unscrew it.

3. After unscrewed, the frame bounded 4 sides of solar panel is removed.

4. Photo shows solar panel after frame is dismantled.

5. Solar panel is in fragile form without frame support. A small piece of solar panel is cut using saw.

6. A width x length (6 cm x 8 cm) solar panel is cut off.

7. Glass covered on the solar panel is removed by bare hand wearing gloves. A soft layer of solar film is obtained.

8. The film is then cut into circular shape of 2.5 cm diameter using a scissor. 2 samples are prepared.
9. Two thin films are located in position 1 and 2 in the XRF machine.

10. The result is obtained after 10 min calibration. Elements in solar film is then tabulated and analysis.
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TABLE-9
COMPARISON OF CALIBRATION RESULT
. Calibration Calibration
W result 1 (%) result 2 (%)
Silicon 56.3 524
Calcium 239 25.8
Bismuth 5.0 2.3
Copper 228 1.71
Thorium 2.2 -
Lead 2.1 2.4
Titanium 1.9 -
Others 7.0 13.9

in the process of obtaining the solar layer, in which elements
scattering for two cut positions are different. The amount of
copper scattered on the surface of area sample 2 is small; other
element presents 13.9% composition, which is considerably
higher than copper composition. The calibration results (Fig.
3) exhibited a strong correlation between the intensities and
certified concentrations for major element silicon. The accurate
analyses of P, Si, and S is highly attributed to powerful software
correction models and outstanding detector resolution.

Six countries with the most experience in the production
of the solar panel recycles were assessed. To recycle crystalline-
silicon-based solar panels, the recycling technique of Deutsche
Solar Recycling Company is commonly used. For the initiation
of recycling, from the installation sites, solar panels are removed.
These panels transported for waste treatment. Silicon-based

Elements

solar photovoltaic recycling involves two major stages: (i) solar
photovoltaic cell separation and (ii) solar photovoltaic cell
surface cleaning [36]. Photovoltaic panel components are
separated and the valuable materials recovered then recycled.
Fig. 4 shows the process conducted to recycle the solar panel.

To acquire silicon for reutilization in the production of
novel modules, following processes are required: chemical and
thermal treatment and physical dismantling (Table-10). Once
back films and ethylene vinyl acetate (EVA) are burned, cells
can be separated physically and processed individually. During
thermal burning, the glass plates do not break due to EVA and
back sheet deformation when temperature is accurately contr-
olled, which renders recycling easy [37].

Copper and silicon are recovered after the chemical treat-
ment. According to photovoltaic cell technology, for the univ-
ersal etching solution, mixture compositions must be modified.
From the economic perspective, considering the supply level
and cost, pure silicon that can be recycled from the photovoltaic
cell is the most valuable material used for development. Glass,
copper and aluminium can be recovered from c-Si panels with
cumulative yields of >85% of the total mass of panels.

Recoverable metals are transported to companies, where
refinement and recyclization metals as secondary metals are
performed. Glass, which can retain high purity and be sepa-
rated, is recycled as the glass cullet. Materials, which are
difficult to recover, separate and recycle are transported to the
landfill and are classified and regulated as hazardous contents.

Elements

Fig. 3. Calibration result on sample 1 & 2

TABLE-10
SUGGESTED RECYCLING SILICON PROCESS INVOLVED FOR CRYSTALLINE SILICON SOLAR PANEL

Process

Description

Physical dismantle
Thermal delamination

Module is broken down to remove the metal frames.
Wafer array Solar module is heated at 450°C for 45 min. The EVA and back films evaporate.

Aim of heating: To recover the no-breaking glass plate. Vapour form combusts in the air portion act as a heat source

for the reactor.
Chemical etching

Cell rinsing

Silicon powder/plate
field.

To remove layers of materials from silicon base in order: Silver coating, front metal coating, back metal coating,
anti-reflective coating and n-p junction.

Silicon cell recover is rinse thoroughly in deionized water.

Silicon substrate can be obtain and classify suitability to reuse in new solar panel production or in other related
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Fig. 4. Recycling process suggested to be implemented in Malaysia
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The e-wastes having no commercial value has to be disposed
at premises/sites licensed by the Department of Environment,
Malaysia [38].

The National Survey Report found that the market price
of a standard module crystalline silicon is US $ 0.63/W.
Considering all the solar panels installed until 2018, which
will undergo recycling when they attain their end life, the
overall value of potential materials that were recovered by
2018 from the photovoltaic panel treatment is up to US $ 24.72
billion. This amount is equivalent to 39.8 MW or the current
value of raw materials required to produce 15,937 units of
novel solar panels.

Conclusion

Solar photovoltaic development rapidly received attention
globally. With the expansion of the solar photovoltaic market,
panel waste can increase. This phenomenon presents the new
environmental challenge and provides opportunities to pursue
new solar photovoltaic end-of-life industries through an econo-
mic route and create value. End-of-life photovoltaic panel
management presents a potential to construct novel approaches
to industry growth and provides employment opportunities to
various stakeholders. Recycling >90% of a solar panel through
innovative technologies that are under development is possible.
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