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Abstract

Renewable energy is leading the path to reduce the dependence on fossil fuels. Global warming
is a serious threat to the environment and renewable energy can minimize the contribution of
the power sector’s contribution. Increased capacity of renewables comes with the increased
waste of solar panel and wind turbines. There is a limited understanding of the mechanisms and
infrastructure needed to ensure the sound disposal of renewable products. End-of-life analysis
for renewable energy is important to establish safe and economical waste management
practices. End-of- life practices will aid to reduce the environmental impact of renewables.
Glass, steel, Al and EVA are the major components of PV module waste while glass, ceramic,
steel and iron materials are the major components of wind turbine waste. Pakistan lacks waste
disposal policies for renewables as adopted by other developed countries to minimize the
harmful impacts. The aim of this thesis is the quantification of end-of-life renewable waste
production as a result of capacity addition according to the Indicative Generation Capacity
Expansion Plan (IGCEP) 2047 of Pakistan. The total installed capacity for solar energy will
reach 1965.5 MW by the end of 2028 for Pakistan. 1 MW of capacity addition will add 17.42
m? of end-of-life solar waste. By the end of 2053, the total solar waste will be 34,239.89 m?®.
Pakistan will have a total of 3744.3 MW of installed wind energy by the end of 2025.
According to the future projection, a total of 463,109.49 tons of wind turbine end-of-life waste
will be generated by the end of 2050. Renewable waste materials are quantified, and future
projections are made based on capacity addition and installation scenarios for Pakistan.
Recommendations for waste management planning and strategies are discussed for recycling
technologies used globally for end-of-life renewable energy waste. The most suitable and
successful techniques for Pakistan to recycle and recover valuable materials are thermal and

mechanical treatments
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Chapter: 1

1. Introduction

Renewable energy is leading the path to reduce the dependance on fossil fuel. Global
warming is a serious threat to the environment and renewable energy can minimize the
harmful effects of climate change and pollution. In the light of Paris Climate Agreement, all
countries agreed to a global framework to keep global warming under 2°C. According to the
report by Intergovernmental panel for Climate Chane (IPCC), the use of renewable energy
sources can reduce the carbon emissions for energy sector by 90% till 2050. Renewable
energy can play a vital role in decreasing the average global temperature [1], [2].

Development in renewable energy has increased primarily due to technological
advancements and cost reductions. Renewable technologies have gained significant
attention since early 2000s. Wind and solar PV energies are considered the most promising
technologies for renewables. By the end of 2015, the installed capacity for solar PV reached
to 222 GW [3]. Similarly, by the end of 2021 the installed capacity reached to 450 GW [4].
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Figure 1: Benefits of renewable energy.



The installed capacity for solar PV is expected to reach 4500 GW by the end of 2050 [5].

Installed capacity

of wind energy stands at 837 GW by the end of 2021 [6]. The installed capacity of wind
energy is expected to reach 6000 GW by the end of 2050 [7]. Main factors influencing the
use of renewable energy are decrease in renewable energy cost, reduction in air pollution
and carbon emissions [8]. Benefits of renewable energy are shown in figure 1. Production
of renewable energy is free of any harmful emissions in comparison with fossil fuels. But
as the demand for renewable energy is increasing across the globe, the need for raw
materials to manufacture solar PV modules and wind turbines will increase. Moreover, wind
turbines and solar PV modules reaching end-of-life pose severe challenges for generated
waste disposal. To ensure the sustainability of renewable energy, the overall impact of waste
generation must be minimized through recycling and reusing of the materials. The waste
management processes must ensure the safe recovery of various materials to reduce the

burden on raw materials [9], [10].

Increased capacity of renewables comes with increased waste of solar panel and wind
turbines. Average life for solar panel and wind turbines is 20 to 30 years. End-of-life analysis
for renewable energy is important to establish safe and economical waste management
practices. These measures are vital for value addition in renewables. Furthermore, end-of-
life practices will aid to reduce the environmental impact of renewables. EU has pioneered
the legislations and regulations for PV and wind turbine waste recycling and disposal
mechanisms. The framework laid by EU is helping other countries to follow similar
footsteps [11]. Solar PV modules can generate renewable and clean energy over time span
of 25 year. The increase in PV installation comes with the increase in end-of-life solar waste.
Figure 2 depicts the production of solar waste as the cumulative installed capacity of solar
PV module is increased [12]. Cumulative capacity for solar PV started to grow drastically
after 2007, and it is estimated that every 1 MW new installation will lead to the production
of 80 metric tons of waste. From 2023 and onward, large amount of solar waste will start to
accumulate. The cumulative waste will reach 3.6 million tons in coming 10 years. The life
cycle of solar PV module is determined by durability and reliability. Reliability tells about
the probability of premature failures in solar PVs while the durability reveals the
degradation rate. The degradation rate of solar panels determines the reliability and
durability. Main degradation factors for solar PVs are humidity, irradiation, temperature,

and mechanical damages [13]. Degradation of solar modules includes discoloration,



corrosion, breakages, and delamination. Degradation leads to reduced efficiency and output
of solar module [14]. Figure 3 shows various degradation mechanisms of solar PV modules
[15].
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Figure 2: Waste projections for solar PV end-of-life waste.



Figure 3: Degradation mechanisms in solar PV modules (a) Corrosion (b) Panel

discoloration (c) Panel delamination (d) mechanical breakage.

Discoloration in solar panel is mostly caused by irradiation of UV rays. These UV rays cause
damage to the encapsulating layer that is made up of ethylene vinyl acetate (EVA). Extreme
UV rays severely degrade EVA and increase the transmission losses resulting in reduction
of module performance. Delamination and corrosion are caused by high moisture content
and high temperatures. Breakages are the result of mechanical damage and shock. Breakages

cause the transmission losses of incident solar rays [15].

1.1 Research Objectives

The aim of this thesis is the quantification of the end-of-life renewable waste production
because of capacity additions for Pakistan in coming decades. Solar PVs and wind turbine
renewable energy technologies are being focused. The main objectives of this thesis are as

follows:

An extensive literature review for identification and quantification of different waste
materials in solar PVs and wind turbines after reaching end-of-life according to capacity



addition and expansion through Indicative Generation Capacity Expansion Plan (IGCEP)

2047 of Pakistani government.

Analysis of technical datasheets of wind turbines and solar PVs licenses in Pakistan to
calculate per unit and total mass of waste materials to be used for future projections for

renewable waste generation.

Policy recommendations for waste management planning and strategies based on

recycling technologies used globally for end-of-life renewable energy waste.

1.2 Scope of Thesis

Quantification of the material waste generated from renewable energy:
Solar Power Plants
Wind Farms

A complete assessment of renewable waste material generated with capacity addition plan
IGCEP 2047 for utility scale power plants.

Recommendation of suitable recycling techniques feasible for Pakistan

Life cycle assessment of solar and wind energy

1.3 Proposed Methodology

The proposed methodology involves the gathering of capacity addition renewable energy
data for Pakistan through National Electric and Power Regulatory Authority (NEPRA). The
data is gathered through commissioned and future licenses of solar and wind energy power
plants in Pakistan. The end-of-life waste materials are quantified and projected using the
technical data sheets of these renewable power plants. The waste materials are assessed
based on hazardous, non-hazardous, and inert metal, polymer, and glass components.
Suitable recycling techniques are recommended based on the techniques used worldwide.
Waste management processes are discussed to recycle, reuse, and recover useful materials

for future use. The data is analyzed through MS excel and future projections are made for



end-of-life waste materials. Furthermore, the quantified waste materials are represented
through different graphs and figures over the years these waste materials are produced.

Proposed methodology is shown in figure 4.
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Figure 4: Methodology for end-of-life waste materials quantification for Pakistan.



Chapter 2

2. Literature Review

2.1 Renewable Energy

Solar and wind energy are the major contributors of renewable energy. Solar and wind
energy are safer, eco-friendly, and reliable. Renewable energy has brighter prospects to
fulfil future energy requirements. In the last decades, the use of renewables for cleaner
energy has increased exponentially. Renewable energy will dominate the world energy
market in coming decades. By 2050, renewables will be the major source for global energy
production. Large scale renewable installations are aiding to reduce the production cost of
energy. Various countries are taking keen interests in renewables. In 2018, Saudi Arabia
started the process to install a 300 MW solar PV park with the lowest estimated price of
0.0234 USD/kWh [5]. Moreover, with the development of highly efficient materials, the
prices for solar energy prices are being reduced. Currently, China is leading the global
renewable energy production with an estimate of 50% newly installed renewable energy
systems globally are based in China [16]. Global energy production mix is shown in figure
5[17].

Energy costs of renewable energy are continuously falling due to improved efficiency,
development of new materials and manufacturing technologies. Average cost for onshore
wind power plants is approximately $0.0576/kWh which is 35% less than the cost in 2010.
It is expected that the cost will further reduce in coming years. The costs associated with
wind energy are competing and under cutting fossil fuel based power plants [18]. The
combination of solar PV and wind energy is becoming economically feasible that can
generate low-cost electricity. Renewable energy will become major electricity generation
sources in coming years. Transition to renewable energy sources will significantly reduce
the pollution to improve the quality of life. Global warming and high carbon emissions are
the most important environmental issue at hand. Transition to cleaner energy sources will
protect the environment by improving the air quality of cities. The transition can lead to
reduced costs for health issues and this way, these finances can be diverted to other
important issues. Moreover, to meet the Paris agreement, it is the need of an hour to invest

in renewable energy sources. It is anticipated that 70% of reduction in energy production



related emissions is required to meet the goals by 2050 to keep global warming under control

[7].

7,000 TWh
Other

renewables

6,000 TWh
5,000 TWh WWirel
4,000 TWh
3,000 TWh
Hydropower

2,000 TWh

1,000 TWh

D TWh
1962 1970 1780 1990 2000 2010 2019

Figure 5: Capacity addition of various energy sources over the year.

With ever increasing installed capacity for renewables, the number of solar PV modules and
wind turbines reaching end-of-life is increasing at rapid pace. Solar PV modules can turn
into hazardous wastes once the useful life cycle ends. These modules can have harmful
impact on the environment if not disposed properly through recycling and effective waste
management. In initial years of renewable energy development, end-of-life and waste
generation were least concerned. With the increase in renewable installation, proper waste
management for end-of-life renewables is required to have minimum environmental impact.
It is important to follow reuse, reduce and recycle model of waste disposal for renewables
reaching end-of-life. Extensive planning and resources are required to counter the potential
waste generation in future. The recycling mechanisms are needed to be developed with
required infrastructure. It is need of an hour to establish cost effective recycling and waste
management technologies for renewables [19].



2.2 Types of Solar PV Modules

First and second-generation solar PV represent the major technologies for PV modules. First
generation consists of mono, poly and amorphous silicon solar cells. Second generation

represents thin-film solar cells [20].

2.2.1 First Generation Solar Cells

First generation solar PV modules are widely used and have around 90% of overall solar
PV module market share. Monocrystalline solar PV modules can easily be differentiated
based on outer coloring and uniformity. Monocrystalline solar cells consist of highly pure
silicon. Silicon used in fabrication of crystalline solar PV modules is extracted from SiOz or
commonly known as quartz. Monocrystalline solar module can easily be distinguished from
polycrystalline due to round edges of cells. Polycrystalline solar module has perfect
rectangular solar cells [21]. Different crystalline Si solar modules have similar structure with
different components. These modules include passive emitter rear-cell, back contact solar
module, bifacial module, interdigitated back contact modules and metal-based modules as

shown in figure 6 [22].

ARC

[ ' | Passivation

Figure 6: Structures of different Si-based solar cells and modules. (a) Commercial solar
cell (b) Selective emitter (c) Metal wrapped through (d) Back contact interdigitated (e)
Bifacial (f) Passive emitter rear solar cells.
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2.2.2 Second Generation Solar cells

Second generation thin film solar cell modules provide cost effective and efficient energy
solutions. Thin films are formed with the deposition of layers on a given substrate. Only a
few micrometers layer of active material is required to harvest the solar energy efficiently.
Thin film solar modules require much less material than crystalline solar modules. But
second generation solar cells have lower efficiencies than first generation, but the deficiency
in efficiency is compensated by low production costs. Amorphous silicon, CdTe, and CIGs
are the examples of second-generation solar cells [23].

2.3 Solar Panel Waste Generation

Solar PV modules are based on different materials, size and efficiency. First generation solar
technology that is based on crystalline Si represents around 90% of market share. First
generation solar cells include mono and polycrystalline Si solar modules. Second generation
solar technology includes cadmium telluride (CdTe), copper indium gallium diselenide
(CIGS) and thin films. The market share of second-generation solar PV modules is around
9%. Third generation solar cells are still in development phase and it is expected to see them
in market in coming years [24]. Currently, increasing efficiency and reducing costs are being
emphasized, completely overlooking the end-of-life management of solar panels. End-of-
life management includes the waste management and treatment of decommissioned solar
PVs [20]. The massive increase in solar PV installation leads to the generation PV waste
once these solar modules research end-of-life. Average life cycle assessment of solar panel
is around 30 years. It is expected solar waste by the end of 2030 will research an alarming
figure of 8 Mt [25]. Solar PVs installed in late 1990s are near to end-of-life and pose serious
environment implications if not disposed properly. Lack of waste management laws and
regulation make this enormous volume of solar PVs waste hard to dispose of [26]. European
union and some other developed countries have regulatory framework and regulations to
mitigate the harmful effects of solar PVs waste. European union has revised the waste
electronic and electrical (WEEE) directive to incorporate solar PVs end-of-life waste. To
reduce the environmental impact and pollution, it is important to make relevant policies for
disposal of solar PVs waste [27]. Different research studies have focused on the recycling
of solar PV waste and life cycle assessment [28], [29]. Handful of studies have focused on
end-of-life waste management [30]. Salim el al. [31] analyzed the barriers, drivers and
enabling factors for end-of-life waste management of solar PV waste. Moreover, a complete

framework was presented for a smooth transition of current supply chain of PV to
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incorporate waste management. Kim and Park [32] analyzed PV waste generation based on
installed capacity. Various studies focused region wise on the need for end-of-life waste
management. Recycling cost for PV waste is much higher than landfill disposal that is why
major manufacturers try to avoid recycling. Si based PV modules are difficult to recycle due
to these high costs. These modules usually end up in landfills [33]. Solar PV modules
contain hazardous and toxic metals such as Te, Cd, Ga and In. These materials are safety
and health hazard if not disposed properly. In landfills, these materials can leach into
underground water to pollute it can cause severe heavy metal poisoning. The harmful effects

of these materials must be studied to come up with proper solution.

2.4 Factors Influencing End-of-life Solar Waste

Physical damage and end of life cycle are the primary reasons for the end-of-life solar waste
disposal. Solar PV modules can prematurely fail due to physical impacts and extreme
weather conditions. Glass layer of solar panel can shatter due to these impacts into small
pieces. Glass pieces do not fall apart due to polymer EVA layer that keeps pieces intact.
Breakage of glass sheet causes the panel to lose functionality. During the life cycle, solar
PV modules are exposed to heating, cooling, stresses, mechanical loads and moistures.
These factors can significantly reduce the performance of solar PV module causing power
loss and power breakdown. Early failures of solar panels are mostly associated with
manufacturing defects or fault in design. Manufacturing defects can be controlled through
proper screening and optimizing the process parameters. Sometimes, solar panels fail due
to random events such as hailstorms that can occur at any time during the life cycle [34].
High temperature can cause internal stresses leading to fatigue failure of solar PV module.
Internal stresses are caused by the difference in expansion co-efficient of various Solar PV
components [35]. Another reason for end-of-life is the decrement of efficiency. Efficiency
of solar can decrease between 0.5 to 3% each year. Stresses, temperature variations,

moisture and thermal cycles contribute to reduction of efficiency.

2.5 Solar PV waste projections and forecasting

Even though sizable numbers of installed PV modules have still not managed to reach the
end of life, there has been reported PV waste flow because of early failures, mechanical
damages or early losses. According to the latest IRENA report on end-of-life solar PV
modules, based on early and regular loss scenarios, 0.043-0.25 million tonnes of PV waste

was accumulated in 2016. Failures for solar PV modules due to reliability issues are shown

12



in figure 7. Furthermore, an exponential increase in PV installations will result in significant
waste generation in the future. According to IRENA, 60-78 million tonnes of PV waste will
be generated by 2050. China, the United States, Japan, India, and Germany will be the top
five waste-generating countries by 2050. PV waste volumes and material recovery
correspond to additional raw material contents capable of producing 2 billion new panels
worth USD 15 billion. According to local forecasts of PV waste specific to Australia, 1-8
million tonnes of discarded modules can be accumulated until 2060, with a 1.2-billion-dollar
value. Because of new waste stream addition due to PV panels, most forecasting studies in
the literature employ the input-output forecasting model [36]. Figure 8 depicts the PV waste

generated till 2050 based on the literature available on PV waste forecasting [37].

Reliability of PV
Modules
| |
Early Failures Mid-life Failures :
(Less than 4 years| | (Between 4 to 15 Ert]ﬁé?]filéfe é;\:lsre
of field exposure) Years) y

Figure 7: Reliability and mid-life failures for solar PV modules.
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Figure 8:Global solar PV waste forecasting till 2050.

Specialized PV waste projections studies are required across every country to guide policy
decisions on developing proper recycling plans and hazardous material disposal plans.
Forecasting research studies can assist in quantification of the profitability of critical
material recovery and reusing costs. Regional, local monitoring and reporting centers can
provide a comprehensive picture and ensure prompt and efficient decisions for

policy making for end-of-life waste disposal.

2.6 Wind Energy

Wind energy is one of the most economical and promising energy sources. The demand for
wind energy is growing exponentially in Europe, USA, India, Pakistan, Middle East and
Australia. It is estimated that around 52% of total investment in renewable energy is towards
wind energy in Europe [37]. The total capacity for wind reached 750 GW by 2020. From
2008 onwards, Europe has installed more than 210 GW of wind turbines to produce clean
energy. More than 15% of European energy is produced through onshore and offshore wind

farms. The total capacity of Europe will suppress 300 GW by the end of 2023 [38].

Wind energy is the torch bearer for renewable energy transition. Life cycle assessment
(LCA) of wind turbines proves the fact that these turbines produce more than 50 times of
energy it takes to produce them over lifetime [39]. Due to high content of steel, many part
of wind turbine can easily be recycled. The blades of wind turbine are made of composite
material, and it is difficult to recycle composite given the nature and structure of composite
materials. Lack of recycling processes of turbine blades make it difficult to dispose them

properly [40].
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2.7 End-of-Life Wind Turbine Waste

Wind energy is known as renewable energy source, but detailed ecological studies reveal
the environmental impact for the manufacturing and disposal of these turbine once end-of-
life is reached. Wind turbines are primarily made up of composite materials and go through
energy extensive processes. Studies related to end-of-life wind turbine wastes are important
to know the overall impact of these turbines on environment. Moreover, the life cycle of
wind farms is not more than 25 to years. Europe has decommissioned about 650 MW of
wind turbines [41].

2.8 Life Cycle Assessment of Solar PV and Wind Energy

Environmental impact of the raw materials, and final products must be considered for every
industry. Every industry should ensure environmental sustainable products by reducing the
amount of raw materials and by analyzing the life cycle of products. Reducing, reusing, and
recycling of materials have positive impacts on environment and resources. Different
strategies are employed to assess the environmental impact of any product. These strategies
and recommendations include Pollution Prevention Guidelines (PPGs), Environmental
Management Systems (EMS), 1SO 14000/14001, and Design for Environment (DE) [33].
Life cycle assessment includes various stages of product life and whole value chain
including raw materials, manufacturing, transportation, recycling, and end-of-life waste
management. Different stages of life cycle of a product are shown in figure 9 [42]. It is
important to have a detailed analysis for various stages of a product life cycle to minimize the
environmental impact. Life cycle analysis and management provide a very detailed information

regarding design, conception, maintenance, manufacturing, and end-of-life [43].
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Figure 9: General Life Cycle assessment of any product.

2.9 End-of-Life Waste Management

End-of-life is defined as the point where the product can no longer function as intended. It
can be due to premature failure or any defect. End-of-Life waste management is an analysis
of the processes that are to take place while disposing the products when the life cycle of a
product is completed. Economic prospects and environmental factors make these products
valuable even after they no longer function as intended. The aim is shifted from cost
effective disposal to recycling and reusing the materials for new application and to salvage
the useful materials. Moreover, these days the society is more aware of environmental
implications and several regulations are in place to prevent hazardous materials to
contaminate our environment. The hazardous materials need special handling and care while

disposing off. This way the environmental impact can be minimized [44].

End-of-life management includes four various strategies that may be used according to any
given material as shown in figure 10 [45]. These strategies are: Reduce, Reuse, Recycle and
Recover. Another least desirable strategy, landfill, is added along these four strategies. End-
of-life pyramid includes these strategies in such a way that a strategy that is the most
preferred is at the top while the least preferred one is at the bottom. The selection of any
strategy is based on economic and environmental concerns. It is more desirable to use the
strategy at the top but different materials require different processes for end-of-life waste

management.
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Figure 10: End-of-life waste management scheme.

2.9.1 Reduce

According to the manufacturers, photovoltaic panels have lengthy lifecycles with warranty
durations of 25 years or more. Short innovation cycles have allowed newer PV panels to
have longer warranty periods (more than 32.5 years), implying a reduced rate of degradation
year after year. Furthermore, the total power per module is increasing (800Wp modules have
been introduced), implying that fewer panels will be required to meet the same energy
demands in the future. Solenergy has introduced concentrator photovoltaic (CPV) panels,
which allow cells to be upgraded onsite to extend their lifetime to 40 years or more [46].
The development of standards such as American National Standard, NSF/ANSI 457
Sustainability Leadership Standard for Photovoltaic Modules,Life cycle certification, Solar
evalution by Silicon Valley Toxic Coalition, and media initiatives such as PV magazine
are taking into account the sustainability aspect of photovoltaic panels. The NSF/ANSI 457
standard defines device performance measurement requirements and corporate performance
measures that demonstrate market leadership in sustainability. These performance criteria
are meant to serve as the foundation for conformity assessment programs like 3rd
party certifications or lengthy registrations [47]. In the Solar PV product lifecycle, resource
efficiency is also becoming more important. The European Commission established the
"Ecodesign Working Plan 2016-2019" to analyze criteria for determining the sustainability
of solar PV [33]. It investigates the potential of sustainable product policies like Eco-design,

17



Energy Labeling, and Ecolabel, as well as Green Public Procurement for PV panels and
inverters. An ecolabel is a device or tool that employs a different criteria to assess reliability,
environmental impact, and technical performance to assist experts and users in identifying
high-performing modules from environmental and technical perspectives. In 2015, the
European Union Eco labelling board to include PV panels. The European Commission is

expecting to have the legislation proposal by the end of 2022 [48].

2.9.2 Reuse

According to IRENA report, defects, and faults from the initial four years of use,
manufacturing, and transportation can be found in 80% of the PV waste stream. It is
estimated that 45-65% of such waste PV modules can be repaired or refurbished. Reusing,
repairing, and refurbishment of solar PV modules are currently informal and not
standardized or systemized. Currently, such repair services are performed by private
companies without the assistance of the manufacturers. There are currently no standards for
categorization, reliability analysis, certifications, or labelling of used PV modules. If the PV
panel failure is caused by faulty frames and mounting clamps, faulty bypass diodes, faulty
wire connectors in junction boxes, or Potential Induced Degradation (PID), repair and

refurbishment may be the only option available.

PV-Rec is a useful one-of-a-kind repair and recycling process for defected PV modules that
is relied on accurate failure testing, analysis and selection techniques. To detect defects, the
panel is subjected to Current-Voltage (I-V) testing and characterization at
Standard/Benchmark Testing Conditions (STC), Electro-luminescence, infra-red imaging
testing, and visual check prior to repair. After repair and refurbishment, the panels are
characterized through I-V testing to specify the new current, power, and voltage outputs.
Refurbishing and repairing a PV module is dependent on the reason of failure and the layout
of the PV system during initial life. The "Cell-Doctor" system can select, separate,
and isolate different non-defective areas in solar cells and modules. It was developed
and created by the European Union (EU) project known as REPTILE and subsequently
revised by another EU-funded project known as ECO SOLAR. The goal is to put "Cell
Doctor" to the test in to assess solar cells from end-of-life modules that are returned to the
factory to recycle and reuse [49].

PV module repair and refurbishment companies include pvXchange, Rinovasol, Second
Sol, Reparar works, along with Solar-pur Gmbh. SecondSol and pvXchange provide an
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online global market for new and used solar modules and related products. Rinvasol
provides international services for recycling and refurbishment as well as IECEE CB
Scheme certification. Depending on the type of defect, SecondSol analyzes repair and
refurbishment costs that can range between 20 € to 90 € per panel or module. CIRCUSOL
is an European Union project known as H2020 that aims to standardize the recycling,
repairing, refurbishing, and reusing PV value chains, as well as to develop appropriate
technical standards and regulations for growing end-of-life business paths and
opportunities for PV panels. Its goal is to create and test a Product Service System (PSS)
that will facilitate circular economic models. Product Service Providers are in charge of

determining the best end-of-life path and co-creating service offerings for end users [50].

2.9.3 Recycling

Recycling of solar photovoltaic modules has already been studied since the late 1990s, when
the first patent for c-Si PV module recycling was submitted in 1995. Due to the dangerous,
toxic and rare material composition of the modules, there has been a strong emphasis on
development and research for recycling thin-film devices such as Cadmium Telluride
(CdTe). With a great focus on sustainability, First Solar has built a closed-loop process to
handle end-of-life CdTe modules. They maintain industrial recycling plants in

Germany, Ohio, and Malaysia.

Even though crystalline silicon has been used in the majority of PV module installations,
there is just a single commercial PV module recycling plant in comparison with the existing
recycling plants for thin-film devices and modules. Due to a lack of economic feasibility,
PV waste is currently processed in laminated glass/metal recycling centres. Waste PV panels
are also reported to be discarded in a landfill. According to recent reports, waste PV panels
from Italy were smuggled into African and Middle Eastern countries [51]. Salvaged raw
materials from photovoltaic panels waste can help to meet rising installation requirement,

reduce price volatility in PV production, and improve energy security [52].

With the recycling of recovered materials from recycling to manufacture new modules, the
Energy Payback Time (EPT) for a PV module may be successfully reduced from around 3.3
years to 1.6 years in Germany as well as from 2.6 years to 1.6 years in Italy. End-of-life
recycling significantly minimises the environmental impact of the PV module
manufacturing and usage [40]. The c-Si PV recycling method has been widely investigated
in the literature, with 128 patents filed worldwide. In PV recycling, the delamination
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process of the polymer (EVA) backsheets from the solar panel core is the most crucial
process step. The junction box along with the aluminium frames are first mechanically
detached from the PV modules. Mechanical, thermal, and chemical delamination techniques
are the most used [53].

Mechanical delamination combined with removal of Al frame and junction box is the most
broadly applied commercial PV recycling process. Glass, e-waste, and aluminium are the
materials recovered using mainly mechanical techniques. Such procedures use little energy
and are simple to integrate with current glass, metallic and e-waste recycling processes.
Without chemical methods, silicon along with these metals such as copper, silver, tin
and lead are difficult to separate in these processes. Given that the recovery goals enforced
by Waste Electrical and Electronic Equipment (WEEE) regulations are set as a percentage
of the total mass of PV panels. Such mechanical processes of solar panels are sufficient to
achieve the targets, provided that aluminium and glass correspond for 88% of photovoltaic

panel by weight [54].

As the polymer sheets goes through pyrolysis, thermal delamination techniques provide
pure material and the recovery of materials such as glass and materials from PV core
comprising silicon and other metals. The majority of commercially available back
sheets material contain traces of fluorine. Based on the research and literature, such back
sheets are typically removed prior to thermal delamination. It is advantageous because the
burning of halogenated polymers involves exhaust gas control. Furthermore, due to thermal
delamination, metallic connections in PV cells may melt and disseminate at high
temperatures into other recoverable materials such as glass and silicon panels. Purification
processes are thus required for the retrieval of highly pure silicon. There seems to be a gap
in research in investigating the potential for heat recovery from exhaust gases. EVA is
dissolved in either organic or inorganic solvents in chemical delamination techniques. The
treatment duration was first determined in days, but ultrasonic irradiation facilitated rapid
disintegration. Chemical delamination remains in the lab, and further research is needed to
determine the additional environmental effect caused by the introduction of chemical

solvents [55].

Regardless of the delamination methods, it is obvious from the research that chemical
methods are required to extract the trace metal elements of Photovoltaic modules. As a
result, researching the environmental effects of the recycling method becomes crucial. The
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debate over design of recycling methods has also analyzed, with some PV producers
working on removing toxic (Lead) and valuable (Silver) metal components from future PV
modules [56]. Recycling-friendly design of PV modules should make it simple to recover
metals used in solar cells such as copper, silver, tin, lead, and aluminium. It must stress on
successful module delamination for recycling. Apollan Solar has devised a better design for
dismantling PV modules termed as New Industrial Solar Cell Encapsulation (NICE). Instead
of soldering and encapsulation, this method uses pressure contacts to link cells. As a result,
it is simple to disassemble for repair and recycling [46].

2.9.4 Recovering and Disposing

The IEA PVPS Task 13 has analyzed the human health hazards associated with PV panel
waste owing to panel disposal in non-standardized landfills, panel breaking, and fire.
Because of relevant stakeholders, lead (Pb) content in c-Si PV panels has been selected for
investigation. Pb exposure-point concentrations from c-Si PV are at least an order of
magnitude lower than USEPA health screening values in air, soil, and water for both only
one estimate and Monte Carlo uncertain simulations. Pb concentrations from one panel on
fire exposure were likewise found to be within the Acute Exposure Guideline Levels
(AEGL) and Protective Action Criteria (PAC) for all average periods and screening criteria
being tested [57].

There is a study gap to analyze the disposal of PV modules in landfills whilst assessing the
danger due to antimony, tin, copper, and other toxic PV panel components, similar to the
analysis performed for Lead [52]. Heat recovery from the controlled burning of c-Si solar
PV panels must be evaluated for exhaust gases emitted by materials such as fluorine
based back sheets along with lead. Current PV waste research shows that c-Si PV panels are
not harmful when dumped properly in sanitary landfills. As a result, it is critical to
emphasize the importance of sustainable end-of-life waste management of Solar PV
modules as a potential opportunity for new economic opportunities. Recycling of c-Si
PV modules allows for recycling of useful materials, which reduces future material

needs for manufacturing while also creating new jobs.

2.10 PV Solar Panel Components

A single silicon panel or module is a combination of silicon solar cells that are connected
by using silver (Ag). These cells are sandwiched in between plastic and glass sheets on Al

frame. The components of single PV module are shown in figure 11 [36]. Solar PV modules
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are considered as e-waste mainly because of electrical parts and components.
Approximately 90% weight of a single module is due to Al frames and glass. The most
important material in solar PVs is silicon. Silicon is a semiconductor material and is

extracted through quartz. The common materials used in solar PVs are explained below [58].

Frame Front Glass

Edge Seal

SN
Cell Stringing

Backsheet .
Ribbons

Junction Box

Figure 11: Components of Solar PV module.

2.10.1 Metals
PV modules consist of non-ferrous and ferrous metals. Commonly used metals in solar PVs
are copper and aluminum and copper. It is estimated that around 10% of PV module is based

on these metals [27].

2.10.2 Glass

Glass is the most used material in solar PVs. Glass provides the protection of thin
semiconductor material wafers. Glass encapsulates the modules to provide protection from
dust, moisture and other abrasive particles. Around 90% of a solar PV module weight

consists of glass encapsulation [59].

2.10.3 Aluminum

Aluminum is extracted through bauxite ores. Extraction of Al is an energy extensive
process. Al is one of the most recycled metals. Recycling Al only needs 5% of energy
required for extraction from ores. Recycling Al has positive environmental and economic
impact. Some of other advantages of Al are light weight, good conductor, corrosion
resistance and ease in processing. Solar PV modules use Al for frame and for back coating.
Fine powder of Al is used for back coating [60].
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2.10.4 Silicon

Solar PV modules require a pure form of Si. Production of Si is energy extensive process.
It is important to recycle Si cells and wafer to reduce the dependency on newly produced Si
material. One solution is to reuse defected and faulty Si material, but the solution is not
highly efficient in terms of economic prospects. Another solution is to reduce the amount of
Si used in solar PV modules. The use thin wafers can significantly reduce the need for Si

material. Substitute materials for Si are being developed to minimize the use of Si [61].

2.10.5 Silver
Silver is known to have one of the highest electrical and thermal conductivities. Moreover,
silver has higher optical reflectivity. Due to these properties, silver is extensively used in

solar PV modules. Silver is used as current collectors in solar PV modules [62].

2.10.6 Germanium

Geranium is known as precious metal. Around 70% of germanium is produced by USA,
Russia and China. Germanium is one of the most important semiconductors materials. Due
to availability issues, the price for germanium is significantly higher. In most of the
applications, germanium is being replaced with Si. These days, germanium is used in
combination with Si as dopant for semiconductor applications [15].

2.10.7 Indium

Indium is mostly produced by Asian region. China has one the largest deposits of indium
and known to produce around 60% of total indium produced. Indium is valuable with high
prices. This is the primary reason to recover and recycle indium. The recycling of indium is
significantly higher than raw production. In solar PV modules, indium is used in Si solar
cells and CIGS/CIS as absorber layers. Indium is a semiconductor material that is used in
combination with selenium, copper and gallium. Indium is used as transparent conduction
layer for reducing internal resistance of Si solar cell [63]. Some other applications of indium

include diodes, LEDs, and conductors.

2.10.8 Plastic
Plastic material is used in securing connecting wires and frames. Moreover, plastic material
such as Ethylene Vinyl Acetate is employed for encapsulation application in solar PV
modules [64].
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2.11 Wind Turbines Materials

Materials produced upon reaching end-of-life for wind farm are listed in table 1 as under

[37], [65].

Table 1: Components of the wind turbine.

Materials

Findings

Aluminum

More than 90% of Al can be recycled
while 10% of total Al waste ends up in
landfills.

Iron and steel

All type of steel and iron material used in

manufacturing of turbines.

Polymers

Thermosetting and thermoplastic resin

materials

Sealants and adhesives

Materials used in polishing and gluing

process
Copper More than 90% of Cu is recycled while
remaining 10% ends up in landfills.
Lubricants Used in periodical maintenance and daily

operations.

Electronics and electrical equipment

All electrical equipment along with

magnetics and circuit boards.

Ceramic and glass

Wind turbine blades are made up of

carbon or glass fiber composites.

2.12 Recycling of Solar PV Modules

Research work on recycling solar PV modules started in 1990s. Early on, it was aimed to

recover first generation Si solar panels without any significant damage to reuse them later

on. Separating encapsulating material was labor intensive work. Separating glass, Si cells,

polymers and other metals was done using chemical and thermal processes. Recycling

technologies and methods for end-of-life waste management differ based on the modules

type and various components in it. For Si-based solar modules, various mechanical methods
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such as sorting, and crushing are being implemented worldwide. Metals are recovered for
further processing and recycling. Similarly, glass is easily recycled into low grade glass
products. To move further with any recycling process, it is important to know about
economic aspects, recovery of useful materials and quality of recycled materials. Different
technologies are under development phase to be implanted in recycling of solar PV modules
[66].

Thermal processes recover materials such as Si, glass encapsulation and electrode materials.
Major advantage for thermal approach is the possibility to recover Si cells and glass without
any damage. These materials can be further processed and recycled, adding to the value for
thermal processes. Defected modules with cracking and inherent flaws can be recycled to
recover Si and other raw materials. Thermal processes are required to be carried out at mass
scale to make them efficient and economical. Moreover, high consumption of energy is
another issue with thermal processes and recycling methods. Heat recovery processes can
be used in thermal processing to recover energy from excessive heating. Mechanical
recycling methods involve scribing of glass and non-glass layers, cutting and crushing of
encapsulation layers. Cutting and scribing can recover glass components with out any
damage. While other methods are used to recycle the broken glass components. Similar to
glass, other materials can be recovered with out any damage. Mechanical methods may
require further chemical treatments to separate and recover various components such as Si
wafers and metals. Energy required for mechanical technologies are much lower than
thermal processes, but mechanical methods can be combined with different thermal
treatments for recycling and improving the recovery rate. The chemical processes such as
solvent treatments are used to separate encapsulation from solar PV module to recover Si
wafers and cells without any damage. But these chemical processes require longer time and
liquid waste is generated as well. Due to environmental concerns these treatments may not
to be feasible and suitable for large scale. At small scale, these treatments can be used in
combination with other mechanical and thermal method to recover useful materials. Etching

and acid treatments are the chemical methods used to recover the metals and Si cells [67].

2.12.1 Thermal Processing
In thermal process, solar PV module is burnt in a furnace at temperature around 600°C.
Combustible materials are burnt, and remaining Si, glass and other metallic components are

recovered manually. Polymer material can cause carbonization that can be neutralized
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through altering the operating conditions of furnace. Similarly, fluoride gases may be
produced by burning polymers with fluoride traces. Si wafers are recovered by etching after
manual sorting. These Si wafers can be processed again to form a PV module. Thermal
processing is not enough to recycle and reuse all the components of a PV modules yet, it is
the most effective end-of-life waste management process for solar PV modules [68].

Kitakyushu Foundation for the Advancement of Industry (FAIS), Science and Technology,
Japan, introduced a technique to recycle alumiuium frames, remove back sheet and
thermally decompose encapsulating material. Whole process employs an automated system
using controller systems from loading of PV modules to unloading of recovered materials
after processing. First step in the process involves the Al frames using air cylinder-based
actuator. Al frames are recyclable. After this, the back sheets are removed and disposed in
accordance with industrial waste guidelines. Encapsulation materials are decomposed using
muffle furnace. Furnace is heated up to 500°C and decomposition gases are burned out to
minimize the environmental impact. After these processes, Si cells, electrodes, glass
components are recovered. The same process can be used for thin films and CIS solar
modules. CIS solar modules may require some additional steps. This process has high
recycling yield as most of the components can be recovered unharmed. Recovered glass can
be utilized in the formation of float glass. Further research is being carried out by Shinryo
cooperation to improve this recycling process [69]. Figure 12 shows the remains of Si solar

module after thermal treatment [15].
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Figure 12: Remaining components of Si module after thermal treatment.

2.12.2 Chemical Processing

Chemical approach involves the immersion of PV modules in chemical solution to separate
various components. Chemical reactions aid the separation process. Generally, it takes
longer to separate components using chemical processes but recovery yield for Si wafers is
much higher than thermal processes. In 1990s, BP solar used nitric acid as solvent for
chemical processing. Nitric acid dissolves encapsulations and other useful materials are
recovered undamaged. Si cells are etched using NaOH and further processed for reuse.
Disposal of nitric acid after chemical processing has serious environmental hazards. To
overcome these environmental issues, the use of organic solvent is proposed. Organic
solvents can partially dissolve encapsulation materials. The efficiency and yield of organic
solvent are significantly less than nitric acid [53].

Solvents were developed by Yokohama Oils industries to eliminate and separate the
encapsulating material from solar PV laminated structures. First step is to separate terminal
boxes and frames from module. The back sheet is separated using mechanical methods.
Remaining module is submerged into the selected solvent to further separate glass,
encapsulation layers, Si wafers and electrode materials. Glass obtained from solar PV
module is usually undamaged during solvent treatment and can be recycled to reuse.

Remaining layers of PV module are crushed for further alkali treatment process. Electrode
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materials and Si are recovered through this process. Additional processing steps may be
required for the separation of Ag from Si wafer. Chemical treatments require immersion of
modules for at least 24 hours to recover useful materials. Organic solvents are already
developed to mitigate the harmful effects of acids. Organic solvents are employed after the
separation of glass encapsulation and mechanical treatments such as grinding, cutting, and
crushing [70].

Korean Research Institute for Chemical Technology developed a recycling technique for
solar PV modules through organic solvent treatment along with the use of ultrasonication.
Ultrasonication is used to overcome the shortcoming of chemical processing as chemical
treatments require longer time. This recycling techniques was able to recover Si cells with
out any damage. Some additional processing steps are required to separate and recover metal
from Si solar cells [71]. Chemical technologies can be combined with mechanical and
thermal processes such as the use of acids or hydroxides for chemical etching. Loser Chemie
employs water and aluminum chloride for the separation of electrodes from Si wafers. Silver
used in solar PV modules can be separated with the use of nitric acid. As discussed earlier,
the chemical treatments are not feasible at mass scale due to economic and environmental
issues. Moreover, chemical treatments require longer processing time [72]. Table 2 shows
comparison between various recycling methods. Figure 13 shows dissolution of EVA layer

in organic solvent [15].

Table 2: Comparison between different recycling methods and technologies.

Recycling Method Advantage Disadvantage References
Technology
Acid - Back sheet - [73]
dissolution and metallic Environmental
electrode concerns and
removal emissions
- Solar cell - Defects due
recovery to action of
acid.
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Organic - Removal of - Process time [74]
solvents organic and iIs  dependent
polymer on the area of a
layers module
Delaminatio - Reuse and - High
n recycling of economic costs
chemical - Health
waste hazards
Physical/Mec - High - Waste mixed [75]
hanical process with other
Disintegratio efficiency materials
n - Damage to
the module
and recovered
materials
Ultrasonicati - Speed up - Post- [76]
on dissolution treatment  of
processes waste material
- Removal of - High cost
polymer
layers
Thermal - Recovery of - Energy [77]
Treatments solar cells extensive
- Separation process
of  polymer -
layers Environmental
concerns
Mechanical - No - Unable to [78]
Processes chemicals are separate
required dissolved
- Low energy materials
processes
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Material

Separation

- Easy
availability of
equipment
and apparatus
- Simple and
easy
processing

Chemical

etching

- Recovery of
purer
materials

- High
efficiency of

the process

- Various
chemicals are
used

- Energy
extensive
processes

- High

temperature

[79]

Figure 13: EVA layer dissolution by an organic solvent.
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2.12.3 Mechanical Processing

Mechanical processing is a widely used technique to separate and recover glass from solar
PV modules. Mechanical processing involves cutting, crushing, and scraping of
encapsulation and glass layers. Mechanical methods are designed to recycle laminated solar
modules to separate metals, polymers, and glass by adding additional processing steps.
Mitsubishi developed a method to recover encapsulating glass by scrapping. The primary
aim is to recover glass materials without any damage and contamination with encapsulating
material. Equipment and setup for this method can process a single module under one
minute. Recovered glass is further processed for reuse. Remaining glass pieces can be
refined to recover Ag and other high value materials. Figure 14 shows recycling methods
and recovery of useful materials.

Toho Kasei Co., Ltd mechanically separated non-glass components and layers. Back sheets
and encapsulating layers are scrapped off mechanically. Electrode materials and Si cells are
separated the similar way in addition to these layers. Further processing with different
solvent enables to separate the back sheet, encapsulating layers, electrodes, polymers and
Si. Recovered polymers can be recycled or used as fuel to recover pure Si. Back sheets
usually end up in landfills as industrial waste. Even after mechanical separation, small
amount of encapsulating layer can be found on glass. Recovered glass is further processed
in solvent to remove the trace amount of encapsulating layer. Module can also be submerged
into solvent in the start to ease mechanical scrapping. Only drawback for this process is high

processing time [80]. Figure 15 shows recycling of various solar modules.
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Figure 14: Recycling Methods and recovery of useful materials.
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2.13 Second life of Solar Modules

Most discarded solar panels are still functional, even if the glass is cracked and the panel
seems to be in poor shape at first glance. Repowering solar farms will make a significant
contribution to using the large amount of abandoned solar panels that are still in good
condition. There are several second-life options for second-hand solar panels. Within this
study, second-life techniques are divided into two major categories: remanufacturing and
repurposing. The primary distinction between the two scenarios is the chopping into
separate rectangular sizes. Repurposing involves the cutting of use of new solar panels, but
remanufacturing does not. For the remanufacturing instance, the solar cells should first be
evaluated to see if the remaining efficiency is still appropriate.

Furthermore, used panels provide underdeveloped countries with an economical way to
boost their share of green power. Secondary solar markets in the Middle East, Africa, Latin
America, and the Caribbean are expected to grow considerably by 2020. According to the
European Commission's 2019 study "Energy predictions for African nations,” diesel-
powered generators supply a large portion of electrical energy in Africa [98]. Reused solar
panels, when remanufactured at a low cost, might serve as a bridging option to minimise
diesel-generated power at least during the day. As more old automobile batteries reach the
second-life market, these systems might be coupled to second-life battery storage systems.
Renewable off-grid solutions built from used equipment might be manufactured and
delivered. The second example stated above is the reuse of discarded solar panels to extend
their lifespan. In this regard, repurposing includes breaking solar panels into separate sizes
to broaden the range of possible applications. Solar panels with individual voltage and
power levels require reconfiguration. Furthermore, the resulting low-power panels are
smaller in size and hence far more versatile in terms of application and installation. Because
of their lower size, second-hand solar panels may be used for RV projects, for example, as
they can be simply put on the RV's rooftop. Solar panels of standard size would be far too
large. Off-grid powering of communication equipment or other facilities such as 5G or
lighting is another application case that would require battery storage. Because these devices
use minimal energy, they might be powered by recycled solar panels of lower sizes. [6] As
the Internet of Things (I0T) grows in popularity, solar systems might even be used indoors.
Indoor use of smaller second-hand solar panels would be considerably easier and less

expensive, as resealing the potentially broken front glass would be unnecessary.
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The use of standard-sized solar panels in an off-grid power plant is another example of
repurposing. Solar panels paired with a used battery might supply renewable energy from
used equipment to power mobile devices such as cell phones, tablets, or laptop computers.
This strategy was chosen as the primary use case for this investigation. The following
chapter four describes the development of a prototype for such a system.

However, a profitability study would be required for each conceivable use case to
demonstrate the viability of a commercial objective. Nonetheless, a fee for collecting old
solar modules might be imposed, which will assist to maintain the cost of second-hand items
as low as feasible.

In either case, whether refurbished or repurposed, there may be country-specific restrictions
governing the treatment and resale of used solar modules. Companies in USA, for example,
must be licenced to process solar energy waste. However, such regulations mostly pertain
to the recycling of discarded solar panels. It is difficult to determine which restrictions apply
to the secondary solar sector in the United States.

The warranty is one of the most important items to consider when reselling second-hand
solar panels. In most circumstances, the manufacturer's original warranty is non-
transferable. As a result, even if the solar panels have not fulfilled the 25-year guarantee
period, secondary usage would void their warranty.

To compensate for missing warranties, the first solar equipment reseller businesses began
evaluating all incoming solar panels and giving a limited guarantee at their own risk. This

helps to dispel any concerns clients may have about purchasing old solar panels.

2.14 Early Failure in Solar Modules

Light erosion (0.5%-5%) is the most common problem observed in new solar panels, with
poor design and manufacturing flaws being the major reasons [13,19,22]. According to Fig.
5, other reasons of panel failure include electrical equipment such as junction boxes, fuse
boxes, charge controllers, and cabling, as well as grounding concerns [24,25]. Solar panels
suffered from deterioration of the anti-reflective coating layer of colorless ethylene vinyl
acetate (EVA) put to the glass in the early years of manufacture, as well as faults owing to
broken solar cells [26]. Figure 16 shows the reasons for early failures in solar PV modules.
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REASON FOR EARLY FAILURE IN SOLAR PVS

M Optical Failures B Module Power Loss M Junction Box & Cables
Glass Failure M Cell Inter-Connects M Frame Failure
W Transportation Hm Delamination M Others

Figure 16: Reasons for early failures in solar PV modules [5].

2.15 End-of-life Solar Waste Policies

The effectiveness of PV waste disposal and management is dependent on the monitoring
and waste quantification over PV modules. These factors keep the check for transport of
solar waste through international border and to assure the suitable waste treatment or
recycling techniques for the panels. Solar panels and solar companies must be registered to
have inventory data for the raw materials that are used in the manufacturing of solar panels.
Moreover, the panels must be monitored throughout various processes such as
transportation, collection, and marketing. Current regulations demonstrate lack of
any central organization that enforces and legislates preventative waste treatment plan in
order to accomplish the three key components of sustainability, which include a closed-loop
and tightly monitored supply chain, economic feasibility, and minimum environmental
impact. One of the critical factors in proper PV waste treatment policy execution is
associated with a central authority, which means that when PV waste is moved to
another third-party country, it still falls under the legislation and authority of a
global organization. It is critical to ensure that the most recent standards, policies, and
legislations on the treatment of solar waste panel are being followed. Regulations and

policies adopted by different countries are explained in table 3 [81].
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Table 3: Policy and Regulations for end-of-life solar waste in different countries.

Country

Policy and Regulations

USA

Waste management regulations are
applied to solar waste.

Solar waste is considered hazardous
according to senate bill 489.

Introduction of tax rebates on recycling of
solar waste.

Development of national recycling plan to
encourage recycling and treatment of
solar waste.

Tracking and quantification of solar waste
over time.

Development of cost-effective recycling
methods.

Creation of Solar Energy Industries
Association (SEIA) for the

implementation of recycling plans.

Europe

Standardization of collection, recycling,
and disposal of solar waste.
Manufacturers are responsible for waste
collection and recycling.

Development of infrastructure for solar
waste recycling.

Encouragement of solar waste recycling.
Legislations regarding health, safety,
environmental protection and toxicity of
solar waste.

Standardization to hazardous material

removal.
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Development of monitoring systems for

solar waste.

Korea

Legislations and policies for solar waste
recycling and management.

R&D for solar waste treatment
technologies.

New and strict rules regarding end-of-life

waste management.

Japan

Development of regulatory framework for
end-of-life solar waste.

Regulation on reusing, disposing,
transporting and collection of solar waste.

Pakistan

Pakistan Environmental Protection Act
(PEPA) for preservation of environment
and waste disposal.

Hazardous substance rule.

PEPA prohibits the discharge of
hazardous substances that violates the
National Environment Quality Standards
(NEQS).

Development of Environment Protection
Agency (EPA).

2.16 Research Gap ldentification

The following research gaps are identified for end-of-life waste management from

literature review in chapter 2, 3 and 4:

Lack of waste material quantification for solar and wind turbine waste for the capacity

addition plan IGCEP 2047 of Pakistan.

Lack of waste disposal and management policies for renewable end-of-life waste for

Pakistan.

Lack of recycling technologies and life cycle assessment for wind and solar energy in

Pakistan.
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Chapter: 3
3. Materials and Methods

3.1 Solar PV Waste Quantification

Waste materials for end-of-life solar waste are quantified as hazardous, critical, base
materials, precious metals, ceramic, and polymers. Apart from solar PV modules, other
waste materials include inverters, mounting structures, cables, and batteries. Waste
materials for solar PV modules are quantified in table 4 following the data gathered from
the literature [82]. The data for solar PV capacity addition is collected through Renewable
Energy licenses issued by National Electric Power Regulatory Authority (NEPRA), Islamic
Republic of Pakistan [83]-[93].

To calculate material waste generated through the capacity addition of solar PV modules in
Pakistan, equations 1, 2 and 3 are used. Weight percentages for waste materials such as Pb,
Mg, Ag, Cu, Al, Ni, Sn, Zn, Si, Steel, glass and EVA are taken from the literature [82].
Material waste for each material is calculated by using the equation 4 [57]. Values for
laminate thickness, frame weight and density are taken from International Energy Agency
(IEA)[57]. Values for module surface area, module efficiency, the total number of modules,
module weight and commission year are taken from the respective licenses issued by

National Electric and Power Regulatory Authority, Pakistan.

3.2 Methodology to Quantify Solar PV Module Waste

Extensive research is carried out through a literature review to design a methodology for the
quantification of solar PV waste materials in Pakistan. Following equation (1), (2),(3) and
(4) are used to quantify the waste materials for solar PV modules [57]. To ensure the
correctness of calculated waste data, the results were compared with the compositional and
weight percentage values available in literature. Table 4 shows the quantification of waste
materials in weight percentage based on literature [82], [94]. Tables 5 and 6 show technical
data for solar power plants installed in Pakistan based on IGCEP 2047 plan calculated based
on equations presented below. The calculated data in tables 5 and 6 are used to quantify
waste materials and future projections for end-life waste materials. Solar PV modules are
categorized into first, second and third generation solar PV technologies. As for Pakistan,
most of the installed solar plants are based on first generation solar technology, therefore

waste material for only first-generation solar plants is calculated. No solar power is
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commissioned to the date with second or third generation solar technologies. The end-of-
life year for each solar plant is calculated based on 25-year life cycle. The total amount of
different waste materials such as EVA, Steel, Al, Ag, Mg, Cu, Si Zn, Sn, Ni, Pb and glass
are calculated in tonnes based on the installed capacity in Pakistan. Values such as module
surface area, efficiency and efficiency are based on technical data sheets for each solar
power plant. The status for each solar solar power plant is either installed (1), commissioned

(C) or committed (CA) as shown in table.

Total Laminate Waste (m®) = Module Surface Area x Module Laminate thickness (m) x Total

Number of Modules 1)
Total Frame Waste = (Module Surface Area x Frame Waste (kg/m?) x Total Number of
Modules)/Frame Density (kg/m® 2)
Total Waste (m®) = Total Laminate Waste + Total Frame Waste 3

Material Weight (tons) = (Material Weight Percentage/100) x (Module Weight (kg) x
0.001(conversion factor)) x Total Number of Modules 4

3.3 PV Module Materials

The critical materials are categorized and highlighted in table 4 constituting materials
required to manufacture solar PV modules to produce clean energy and flourish green
economy. The weight percentage of each material is presented in the table 4. It is believed
that supply chain interruptions and price changes connected to with international
manufacturing will harm renewable industry in Pakistan or any other country. Pakistan is
not a producer of these important metals. Any initiative to recycle key metals will benefit
the domestic market of these materials and reduce the dependency on material imports.
Metal, glass and steel have the highest weight percentages of 9.51, 65.4 and 6.5 weight
percentage in each single solar PV module.
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Table 4: Quantification of waste materials for end-of-life solar PV modules.

Material Weight
Percentage
Hazardous Pb 0.1257%
Material
Critical Mg 0.520%
Materials
Precious Ag 0.0577 %
Metals
Base Material Cu 0.731%
Al 16.5 %
Ni 0.00106%
Sn 0.0000586%
Zn 0.00000781 %
Other Metals Si 0.791%
Steel 9.51%
Ceramic and Glass 65.4%
Polymer EVA 6.5%
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Table 5: Technical data for solar power plants installed in Pakistan. Waste materials are quantified, and future projections are made for end-

life waste materials.
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Table 6: Material Quantification of solar power plants installed in Pakistan.
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Chapter: 4
4. Wind Turbines Waste Quantification

Methodology and calculation for end-of-life waste materials are discussed in this section.
For the case of Pakistan, the data for wind turbines are gathered through respective licenses
granted by NEPRA Pakistan. Waste materials for wind turbines are quantified and
projections are made for the year 2035 to 2050 according to IGCEP 2047. Calculations
require data from various credible sources. In a wind turbine, the waste material generation
is dependent on the initial materials used and quantify these amounts over the coming years

according to capacity addition [18].

4.1 Material and Methods

Generated waste materials at end-of-life wind turbines are Al, Cu, steel and iron-based
materials, polymer, lubricants, electronics, sealants, ceramic, and glass. Electronics include
switch gears and cable systems of wind turbines along with other electronic subsystems
[37]. When a wind turbine reaches end-of-life all systems and components are dismantled
to restore the original form the site. The waste generated also includes the concrete structures
used to support wind turbines. For a base case, 2 MW Vestas wind turbine is used to quantify
the waste materials as shown in table 7 [65]. The most installed wind turbines are geared
turbines and some of the common models for wind turbines are Vestas (V900-V100),
Senvion (MM92), and Nordex (N90-N100) [65]. Geared wind turbines represent up to 90%
of total installed capacity in Pakistan while less than 10% of turbines are gearless.
Cumulative waste for end-of-life wind turbines is calculated in tons keeping in view the
capacity addition for Pakistan renewable energy planning by NEPRA. Table 8 shows
technical data and cumulative material quantification based on calculations from NEPRA
licensed wind turbines. The total installed capacity of wind energy in Pakistan is 1696.3
MW till 2022. A further 2048 MW of wind energy will be installed by the end of 2025
according to the licenses issued by NEPRA.

The thesis and analysis include turbine materials, cables, base structures, and switchgears.
The analysis uses 2 MW vestas wind turbine to quantify the data as technical data for all the

wind turbines of Pakistan was not available.
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Life cycle of wind turbines can range up to 35 years but for the analysis average value of 25

years was taken. End-of-life time was calculated based on this assumption. Once end-of-life

for a wind turbine is reached, the turbine is decommissioned and removed to restore the area

to original form. Apart from end-of-life, various components of wind turbines are replaced

over time. These parts include turbine blades, gear boxes, About 15% of wind turbines are

prone to gear box replacement while less than 3% of turbines are prone to blade replacement

over life cycle [95]. Gearbox in any wind turbine represents around 40% of total weight.

According to study by Liu and Barlow [96], on average the gearbox of any wind turbine is

replaced 3 times over the life time.

Table 7: Waste materials after end-of-life for wind turbine.

Materials Weight (tons/MW)
Steel and iron-based materials 102.67

Cu 0.844

Al 2.1

Polymers 5.22

Lubricants 0.34

Ceramic and glass 9.54

Electronics 1.2

Sealants 0.14
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Table 8: Technical data and cumulative material quantification for NEPRA licensed wind turbines.
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Chapter: 5

5. Results and Discussion

5.1 Solar PV Modules

A detailed analysis is carried out based on the technical data for solar PV calculated in table
3,4 and 5. It is important to investigate the licenses issued by NEPRA and IEA report to
identify and calculate data such as capacity addition, installed capacity and efficiency of
solar modules. Solar PV licenses by NEPRA had technical data such as installed capacity
in MW, total number of modules but data for frame density, laminate thickness, frame
weight and frame density were missing. The values for these data were collected from the
report International Energy Agency (IEA) report [57]. A total of 15 solar PV power plant
installations were analyzed based on given technical data as shown in table 5. Each
installation is either categorized as installed, commissioned, or committed according to the
current status. The total installed capacity for solar power plants stands at 782.5 MW till
2022. Further 100 MW will be added till 2024. By 2028, 1083 MW of solar power energy
will be added to installed capacity. The cumulative installed capacity for solar energy will
reach 1965.5 MW Dby the end of 2028 for Pakistan. According to given data, 1 MW of
capacity addition will add 17.42 m? of end-of-life solar waste. By the end of 2053, the total
solar waste will be 34,239.89 m®as shown in figure 17. Average life cycle of 25 years is
considered based on the literature and technical data sheets issued by NEPRA. Solar PV
waste will start to accumulate from year 2040 based on 25 years of life cycle. The total
waste generated by the end of year 2053 is based on module weight, total number of
modules, frame weight, frame density, laminate thickness, and module weight. Waste
materials generated in addition to solar module waste include fuse box, meters, controller,
mounting structures, invertors, and transformers. These materials are not included in the
final analysis to simplify the results and due to lack of credible data for these materials. The
major quantities of solar PV module waste are for glass, steel, Al and EVA. Semiconductor
materials such as Si and Zn are used for solar cells while Cu is used for metallic contacts
and connecting wires. The presence of Pb is health hazard as according to the guidelines of
IEA [57]. The disposal of Pb is crucial to avoid the harmful environmental impact and health

hazards.
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Figures 17 and 18 show cumulative waste material quantities of end-of-life for EVA, Steel,
Al, Ag, Mg, Cu, Si, Zn, Sn, Ni, Pb and glass that are 5.04E+3, 7.37E+3, 1.28E+4, 4.4TE+1,
4.02E+2, 5.67E+2, 6.13E+2, 6.06E-3, 4.54E-2, 8.22E-1, 3.83EQ, 5.07E+4 tons respectively
for solar power plants installed in Pakistan till 2053 based on the data collected through
respective licenses and IEA report. Similarly, figure 19 shows a total frame waste of
4,666.09, total module laminate waste of 29,573.80 and total cumulative waste of 34,239.89
m?3 generated at end-of-life solar PV modules in Pakistan based on installed capacity.

5.1.1 Recycling of Solar Modules in Pakistan

Recycling of solar modules is important to protect the environment and recover useful
materials. Currently Pakistan lacks any of recycling mechanism or framework for solar
module recycling once end-of-life is reached. However, Pakistan has departments such as
Environmental Protection Agency (EPA) to make a detailed framework for the recycling of
solar modules. Moreover, waste management departments can work along EPA for suitable
disposal of solar modules. United Agency of International Development (USAID) is also
encouraging Pakistani government and private companies to establish long term and
sustainable solar recycling methods to ensure the recovery of various materials from solar
modules. Solar waste is termed as e-waste that requires special handling. The material yield
estimations for solar module recycling are presented in table 9. The recycling yields for
these materials are taken from various sources and recycling techniques. Some of these
techniques are at lab scale, while some are at pilot scale and few techniques are
commercialized to be used for solar PV recycling. Most of the recycling facilities are based
on countries like USA, UK, European Union, Korea, Japan, China and Brazil. Pakistan is
still far away from proper establishment of solar industries. But the solar market in Pakistan
is growing rapidly owing to the increased demand of solar panels. The recycling yield for
metals is more than 90% in most of the recycling techniques and only negligible amount of
these metals will end up in landfills. Metals such as Al, steel and Cu have high recovery
yield. Most of these materials are used in mounting structures, electric contacts, frame of

module, and cables.
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Table 9: Recycling yield of different materials in solar modules.

Material Recycling Yield % References
Al 99.7 [97]
Ag 95 [79]
Cu 99.9 [79]
Ti 52 [98]
Zn 27 [98]
Ni 41 [98]
Sn 32 [99]
Mg 33 [98]
Pb 96 [99]
Si 99.9 [100]
Glass 95 [97]
Steel 90 [82]

Currently, the most suitable and successful techniques for Pakistan to recycle and recover
metals and glass are thermal and mechanical treatments. Thermal treatment can remove
EVA from solar module from burning it. The temperature for thermal treatment can reach
up to 600°C, the high temperature ensures the complete removal of EVA layer to recover Si
cells from solar modules after post treatments such as etching. The recovery yield for Si and

glass in thermal treatment is more than 90% [101].
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Figure 17: Cumulative Material Quantity for EVA, Steel, Al, Ag, Mg, Cu and Si for solar power plants installed in Pakistan.
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Figure 18: Cumulative Material Quantity for Zn, Sn, Ni, Pb and glass for solar power plants installed in Pakistan.
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2040 2041 2044 2045 2047 2049 2053
O Total Frame Waste 51436 | 2,111.08 | 2,596.80 | 2,679.35 | 3,799.40 | 4,423.24 | 4,666.09
® Total Module Laminate Waste| 3,260.00 | 13,380.11 | 16,458.59 | 16,981.82 | 24,080.70 | 28,034.64 | 29,573.80
® Total Waste 3,774.36 | 15,491.19 | 19,055.39 | 19,661.17 | 27,880.10 | 32,457.88 | 34,239.89

(Values in m3)

Figure 19: Quantification of total frame waste, total module laminate waste and total waste generated at end-of-life solar PV modules in Pakistan based on

installed capacity.



5.2 Wind Turbines

The calculation for end-of-life wind turbine materials starts from the manufacturing of
various components and relative weight percentages. The data for per MW for each material
is taken from literature from 2 MW vestas wind turbine. The data was used to quantify the
waste for Pakistan capacity addition. Values such as wind capacity and commissioning date
were taken from NEPRA licenses for wind turbines. The quantity of blade materials is
determined by the power rating that is a turbine with high power rating requires bigger
blades and more material for blade manufacturing. The relationship between power rating

and blade size is not directly proportional and both are dependent on each other.

Pakistan has total of 33 installed wind energy power plants with installed capacity of 1696.3
MW till 2022 while 2048 MW of new wind power plants will be installed by the end of
2025 according IGCEP 2047 plan of Pakistan and NEPRA planning. With average life of
25 years, the waste material will start to accumulate in 2040. End-of-life waste includes all
the waste materials generated during life cycle such as during operations, transportation,
and during maintenance. But to simplify the analysis and lack of data for these factors,
maintenance and operation waste materials are not included in this analysis. Some other
sources for waste generation are accidents, system upgradation, testing, defects, and
manufacturing waste. According to the future projection a total of 463,109.49 tons of wind
turbine end-of-life waste will be generated by the end of 2050 as shown in figure 19. 84.12%
of this waste will comprise of steel and iron materials, 7.82 % of ceramic and glass, 4.28%
of polymers, 1.72% of Al, 0.98% of electronics, 0.69% of Cu, 0.28% of lubricants and

0.11% sealants as shown in figure 21.

5.2.1 Recycling of Wind Turbines

Upon reaching end-of-life, the wind turbines are dismantled and decommissioned. The wind
turbines are not repaired or recommissioned. The components and parts of wind turbines
can be recycled, recovered, or end up in landfills. Unlike solar modules, it is easy to separate
various components of wind turbines. 90% of wind turbine metallic components can be
recycled while remaining 10% percent ends up in landfill. While polymer-based
components can be processes via thermal treatments such as incineration. The turbines
blades are made up of glass fibers and more than 50% of these materials along with polymers
are incinerated. Materials such as fiber glass and polymers are not easy to handle due to
extreme difficulties in recycling. Coolants and lubrications are treated and used for other
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sectors and industries. The recycling yield, landfill and incineration percentages for different

components of wind turbines are presented in table 10.

Table 10: Recycling, landfill, and incineration percentages for wind turbine components.

Materials/Components Recycling % Landfill % Incinerated
Al 90 10 -

Steel 90 10 -

Lubricants 50 - 50
Polymers - 50 50

Other Materials - 100 -
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Figure 20: Percentage of different materials in cumulative waste generation till 2050
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Figure 21: Cumulative end-of-life waste for wind turbines till 2050 according to the installed capacity in Pakistan.
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Conclusion

Installation of large number of wind and solar energy power plants provide green and
renewable energy. But like all products, the renewable energy comes with end-of-life waste
materials. To mitigate the harmful effects of these waste materials, recovery, and recycling
of useful materials are carried out. Valuable metals and other materials are recovered from
solar PV modules and wind turbines. The thesis analyzes and projects the total amount of
end-of-life waste materials generated for solar and wind energy based on Pakistan’s capacity
addition plan. The total installed capacity for solar and wind power plants stands at 782.5
MW and 1696.3 MW by the end of 2022. By 2028, 1183 MW and 2048 MW of solar and
wind power capacity will be added respectively. Average life for solar panel and wind
turbines is approximately 20 to 30 years. By the end of 2053, the total solar and wind energy
waste of 34,239.89 m® and 463,000 tons will be generated respectively. The major quantities
of solar PV module and wind turbine waste are for glass, steel, Al, iron materials, ceramic,
and EVA. Waste management and disposal techniques for these materials are not easy to
implement and are expensive. Currently, the most cost-effective solution for solar and wind
waste is landfills. But landfill can leach the toxic materials into the underground water
causing various water borne diseases. Thermal, mechanical, and chemical recycling
techniques are used around the world for solar and wind waste. Pakistan needs to introduce
suitable disposal policies and technologies for the generated waste to avoid any harmful

implications.

Recommendations
The analysis should be extended to total CO2 emission, Pb concentrations and energy
consumptions in various solar modules and wind energy.
The analysis should be extended to quantify the renewable waste materials generated due to
mid-life failures. Mid-life failures produce the equal amount of waste materials next to end-
of-life.

It is recommended for the stakeholders to pay a recycling fee for end-of-life materials for
renewables that can ease the financial burden from the government.
Waste management techniques such as landfills and incineration must be discouraged due

to harmful environmental impacts.
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Government of Pakistan should implement waste regulation and environmental policies for
waste treatment, recycling, and management. A comprehensive framework must be
designed keeping in view the future renewable waste materials projections.

More resources must be poured for the research and development of recycling techniques

that are feasible for Pakistan.
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