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ABSTRACT

The ever-growing application of solar panels for renewable energy has resulted in a significant increase in solar panel
waste that is both difficult to recycle and hazardous to the environment. In order to provide a potential solution to this
problem, a novel recycling concept employing high-temperature density separation was developed. This was accom-
plished by firstly completing a thorough literature review on current recycling methods and calculating results using
previous experimental and theoretical data. From the results, it was determined that high-temperature density separa-
tion has significant potential for making recycling a profitable practice for up to $290/tonne of solar panels. Compared
to current recycling methods, high-temperature density separation possesses many benefits such as higher efficiency,
potential for energy recovery, and lower environmental impact. This solar panel recycling solution has the potential
to greatly improve the sustainability of the solar energy industry while also finding potential applications in other
industries that require specialized processing of materials.

Introduction

Problem Statement

The steep growth of the solar energy industry has outpaced the capabilities of current recycling technologies, causing
end-of-life solar panels to enter landfills which poses a serious threat to the environment (Fasching & Ray, 2022) (US
EPA, 2021). Important factors of an economical recycling method include processing time, energy consumption, en-
vironmental impact, and profitability. Currently no mechanical, chemical, or thermal technology has achieved these
requirements at a reasonable cost.

Background

Effective recycling methods are essential to achieving truly sustainable solar energy systems. Solar energy is the
fastest-growing dominant renewable energy source today, making it an essential component of the goal to phase out
fossil fuels in the coming decades (Fasching & Ray, 2022). However, the apparent sustainability of solar panels only
exists during their operation, not after they have been decommissioned and become hazardous waste (US EPA, 2021).
Therefore, a suitable recycling method is required to manage the waste resulting from the fast growth of solar panel
production as seen in Figure 1 (Peplow, 2022). Currently, mechanical and thermal recycling technologies can only
economically recover low-value materials such as aluminum and impure glass, making the incentive for recycling
solar panels incredibly low (Strachala et al., 2017). Similarly, chemical recycling is not feasible due to the impractical
processing time and inhibitive operation costs (Strachala et al., 2017). Resolving the imbalance between the rate of
solar panel production and recycling requires a simple yet precise recycling process.
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Figure 1. Mass of photovoltaic systems, metric tons (Peplow, 2022)

The difficulty of recycling solar panels is rooted in their manufacturing process. Solar panels are constructed
to withstand physical and chemical threats of all weather conditions making traditional recycling tactics ineffective.
The basic structure of solar panels is composed of layers of glass, solar cells, and ethylene vinyl acetate (EVA) poly-
mer which are bound together by an aluminum frame (How Are Solar Panels Made? | GreenMatch, 2014). Materials
such as glass and aluminum make up the majority of a solar panel but represent only a small percentage of the overall
value (Deng et al., 2019). On the other hand, the small amount of silicon and silver in each solar cell makes up the
majority of a solar panel’s value (Deng et al., 2019). Therefore, the extraction of valuable materials is necessary for
attaining a significant profit.

Grind the rest of the
materials

Remove the aluminum

frame

Impure mixture of glass, silicon, and
silver. Further chemical methods
needed to extract pure materials.

Figure 2. Diagram showing the steps of mechanical recycling.
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As seen in Figure 2, current mechanical recycling of solar panels involves the disassembling of the aluminum
frame and then crushing of the glass and solar cell layers into a granulated mix (Strachala et al., 2017). This process
does not recover valuable materials and is therefore not economically viable. Furthermore, the glass and solar cell
mixture is often considered a waste product due to its impurity and toxicity which does not resolve the issue of landfill
pollution.
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Figure 3. Diagram showing the steps of chemical recycling.

As seen in Figure 3, chemical recycling of solar panels allows the separation of the glass and solar cells by
dissolving the encapsulating EVA in a solvent. The bus-bars on the solar cells are then removed in acid and the anti-
reflection coating on the silicon is etched away (Strachala et al., 2017). The chemically dissolved silver busbars can
be regenerated with high purity by electrochemical means. Although this process is capable of recovering high purity
materials, the long treatment time and consumption of costly toxic etching chemicals do not make it an effective
solution.
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Figure 4. Diagram showing the steps of thermal recycling.

As seen in Figure 4, thermal delamination separates the glass from the solar cell array by evaporating the
EVA encapsulant at high temperatures (Strachala et al., 2017). However, it is unable to further separate the solar cells
into silicon and silver. Damaged solar cells must be further separated into raw materials, but functional solar cells can
be reused without additional processing. The low complexity and high efficiency make traditional thermal recycling
a feasible method even though it cannot extract high-value materials. One disadvantage however is that evaporation
of EVA produces emissions that require additional steps to prevent damage to the environment.

The key processes implemented in this proposed solution include density separation, induction heating, and
steam energy recovery. Density separation is the process by which materials can be organized due to differences in
their densities. The process is commonly implemented in the coffee bean industry in the form of density tables which
use air and small vibrations to sort beans by size (SEPARATION EXPERTS, n.d.). Also, the process can be observed
when immiscible fluids such as water and oil are mixed but quickly form distinct layers. Induction heating is used to
melt metals and glass by inducing strong electric currents inside the materials which become thermal energy. Once
the desired result is attained, it is possible to recover energy during the cooling process by generating steam which
can spin a turbine to produce electricity. The process of energy recovery essentially decreases the total amount of
energy required to melt the initial materials thereby lowering energy consumption.

Literature review

Although the previously mentioned recycling processes are the most promising for commercial application, there are
other novel solutions that are being researched. These include hot-wire cutting and laser irradiation (Lunardi et al.,
2018). A new method that has already been adopted commercially for separating the glass sheet from a solar panel is
hot-wire cutting. Hot-wire cutting separates the glass from the solar panel array by softening and cutting the EVA
encapsulant. This allows for minimal energy consumption while separating the glass but requires further processing
to remove the EVA residue after cutting.
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A process being researched for removal of the glass and antireflection coating without damaging the silicon
wafers of solar cells is laser irradiation. Laser irradiation separates the glass from the solar panel array by burning out
the EVA encapsulant. It can be used to remove metallization and antireflection coatings on solar cells (Strachala et
al., 2017). However, it is an extremely slow process and requires inhibitive expensive equipment.

Current commercial recycling processes often implement a combination of mechanical, chemical, or thermal
treatments to fully disassemble a solar panel (Lunardi et al., 2018). This increased complexity translates to higher
costs. For reference, the cost of landfilling solar panels is $64/tonne or $1.16/panel (Deng et al., 2019). The typical
operation cost for mechanical recycling is approximately $399/tonne or $7.24/panel. Accounting for the value of
recovered materials, the net cost for mechanical recycling is $76/tonne or $1.38/panel (Deng et al., 2019). The opera-
tion cost for solely chemical recycling is about $922/tonne or $16.73/panel but varies depending on the types and
amounts of chemicals used. Accounting for the value of recovered materials, the net cost for chemical recycling is
$269/tonne or $4.88/panel (Deng et al., 2019). The operation cost of a combination of thermal delamination and
chemical recycling is around $1200/tonne or $21.77/panel. Accounting for the value of recovered materials, the net
cost for thermal/chemical recycling is $235/tonne or $4.26/panel (Deng et al., 2019).

Although there is significant research on the active separation of solar panel materials, there is limited work
being done on passive separation. The high complexity of active separation and sorting has made it difficult to drive
down operating costs without sacrificing material quality. The passive recycling process proposed here has the poten-
tial to make solar panel recycling a worthwhile industrial practice.

Methods

Firstly, to design the solar panel recycling process, it was necessary to research the overall problem of solar panel
recycling and the operation of current solutions. This was done to pinpoint the main obstacles preventing facile recy-
cling from being accomplished. Developing a solution to current problems in solar panel recycling required an under-
standing of the material properties of each component. Specifically, in high-temperature density separation, the melt-
ing point, boiling point, miscibility, and density of each material were essential. Ensuring that the characteristics of
each material were compatible with the others was necessary for evaluating the feasibility of such a recycling process.

The concept of using high-temperature density separation to recycle solar panels was inspired by other in-

dustries such as the coffee bean industry which sorts bean sizes on a density table. The separation of immiscible fluids
was based on the interaction between polar and non-polar liquids such as water and oil.
Attaining the high temperature required for melting the materials in a solar panel required a heating method such as a
gas, induction, or electric arc furnace. Firstly, the characteristics of each method were researched. Since each heating
method had its own benefits and drawbacks, the one that matched best with the requirements of the recycling process
was chosen. For a recycling process to be economical, the main aspects were processing time, energy consumption,
environmental impact, and profitability (Strachala et al., 2017). The method that performed best in all categories was
chosen.

Once the recycling process was finalized, the preliminary layout of a recycling plant could be designed. Since

the first few steps were identical to current recycling methods, they were left untouched. The layout was made as
compact as possible to take advantage of the simplicity of high-temperature density separation while also giving ease
of access to the recovered materials.
In order to compare high-temperature density separation to current recycling methods, it was important to analyze
environmental impact as well as calculate the energy consumption and operation cost. Utilizing data about material
properties, it was possible to determine a theoretical amount of energy required to melt the components of a solar
panel. This was converted into cost using the average US electricity price per kWh. The general equations used to
calculate the energy consumption for melting the materials at 1415°C were:
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Equation 1: General formula for calculating thermal energy consumption of melting glass.

Q = mcAT

Equation 2: General formula for calculating thermal energy consumption of melting silicon.

Q = mcAT + mAH;

Equation 3: General formula for calculating thermal energy consumption of melting silver.

Q = mcAT, + mAH; + mcAT,

The approximate 85% efficiency of induction heating was used to estimate the practical efficiency of the
heating process (Ministry of Micro, Small & Medium Enterprises Govt. of India et al., 2015). The energy recovery
process using steam was assumed to be from 65% to 90% efficient depending on the unit size (Darrow et al., 2015).
To calculate the overall cost of the recycling process, the cost of high-temperature density separation was added to the
cost of basic mechanical recycling. With the operation cost calculated, it was possible to estimate the profitability of
the process by referencing values from other literature. Specifically, the profits from recovered materials were added
to the operation and module collection costs. Once all significant results were obtained, the process was then compared
to current technologies in terms of time, energy consumption, environmental impact, and profitability. The graphs for
each data set were created in Google Sheets. Word values (Low, Moderate, High, etc.) were converted to integers
between one and nine which enabled them to be represented in graphs. The sum of these integer values was used to
determine the “process score” of each recycling process.

Results

Table 1. Table of material properties.

Miscibility with

Densit; = Melting temp. (°C) | Boiling temp. (°C
ensity (g cm™) elting temp. (°C) GUFT R () other components

Glass (soda-lime)
(Karazi et al., 2017)
Silicon (Royal Soci-
ety of Chemistry, 2.3 1414 3265 1ppm silver
2011a)

Silver (Royal Soci-
ety of Chemistry, 10.5 962 2162
2011b)

EVA (Overview of
Materials for Eth-
ylene Vinyl Acetate
Copolymer (EVA),
Adhesive/Sealant
Grade, n.d.)

2.5 1000 3427 None

in silicon (Weber,
2002)

0.95 80 Decomposes N/A
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Figure 5. Graph of material properties.
Table 2. Table of heating methods.
Heating time (Juxinde, 2022) E tfici
nergy efficienc
(Win, 2020) L/ d
85% (Ministry of Micro, Small &
Induction Very low Medium Enterprises Govt. of India
et al., 2015)
Electric Arc Low 60% (Kirschen et al., 2009)
Gas Moderate 10% (Donskov et al., 2015)
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Figure 6. Graph of different heating method characteristics (Very low=9, Low=7, Moderate=5).

Gas heating is used in many applications because of its simplicity and compatibility with many materials,
however, it has low efficiency and is harmful to the environment. On the other hand, induction and electric arc heating
methods are more complex but significantly more efficient than gas. Furthermore, induction heating is capable of fast
heating time. In metal industries, induction furnaces are the preferred method for melting raw materials (Ministry of
Micro, Small & Medium Enterprises Govt. of India et al., 2015). The benefits of induction furnaces over other tech-
nologies are visualized in Figure 6. Induction heating was chosen for use in high-temperature density separation be-
cause it was fast, efficient, and environmentally friendly.
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Figure 7. Preliminary layout design of a solar panel recycling plant.
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Figure 8. Diagram showing the steps of high-temperature density separation.

As seen in Figure 7, integrating high-temperature density separation into solar panel recycling was accom-
plished by designing a preliminary layout for a recycling plant. As seen in Figures 2, 3, 4, and 8, the initial processing
steps such as removal of the aluminum frame and crushing of the remaining glass and solar cells are essentially stand-
ard across most recycling methods so they were untouched during the design process (Lunardi et al., 2018). The most
basic form of mechanical solar panel recycling is solely composed of these two initial steps which meant that its
operation cost could be used to calculate the operating cost of high-temperature density separation (Deng et al., 2019).

First solar panels are sent to the aluminum frame disassembly machine which recovers virtually 100% of the
aluminum, about 3.6kg per solar panel (Joint Research Centre (European Commission) et al., 2016). Then the rest of
the solar panel (glass and solar cells) is crushed into a granulated mixture that will be further refined. These first steps
are generally standard in all recycling methods. Next, the mixture is loaded into an induction furnace which melts the
glass, silicon, and silver. Once the materials have become molten and have separated into distinct density layers, the
crucible in which they are contained is transferred to a water cooler. The steam resulting from this step is used for
energy recovery. When the crucible has cooled, each material can be removed from the ingot by splitting apart each
layer. For each solar panel, about 14kg of glass, 0.712kg of silicon, and 0.0106kg of silver can be recovered in ideal
conditions (Joint Research Centre (European Commission) et al., 2016).
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m (kg)

“ (5%)

k
AH; (é)(E
ngineering
ToolBox,
2008)

AT; (°C)

AT, (°C) kJ

Energy con-

sumption for 14
melting glass

870 -

1390

- 16930.2

Energy con-
sumption for 0.712

melting silicon

712

1787

1390

- 1989.7

Energy con-
sumption for
melting silver

0.0106

235

105

937

453 2.5

Total theoretical
energy con- -
sumption

- 18922.3

Total practical
energy con-
sumption (85 %
efficiency)

- 22261.6

Minimum en-

ergy recovery -
(65 %)

- 12299.5

Maximum en-

ergy recovery -
(90%)

- 17030.1

Table 4. High-temperature density separation operation cost and profitability per tonne results (approximately 55 solar

panels per tonne).

Net operation cost per
tonne

Average electricity cost
($/kWh)

Average energy in kWh
(kJ/3600)

Monetary value ($)

0.15

7596.8

-17.41

Net profit per tonne

+ 289.53
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Table 5. Comparison of major recycling methods to the proposed solution.
Throughput ca- | Energy con- Energy recov- Environmental | Profitability
pacity sumption ery impact ($/tonne)
Mechanical Hazardous con
zZ u -
(Deng et al., High Low No taminated elass -76
2019) g
Emissions from
Thermal (D
- :ll:nz 01( 9)eng Low High Yes EVA vaporiza- | -235
tion
Chemical Hazardous
zZ u
(Deng et al., Very low Very high No . -269
2019) waste chemicals
High- t -
; i de::sn.ltpera Emissions from
u i
. g Moderate High Yes EVA vaporiza- | +290
separation tion
(HTDS)
[ Process score ¢ Profitability
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= »
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(=] ©
a a
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Figure 9. Graph comparing proposed solution to current recycling methods (Throughput: High=7, Moderate=5,

Low=3, Very low=1; Energy consumption: Low=7, High=3, Very high=1; Energy recovery: Yes=1, No=0).
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Discussion

In determining the economic viability of high-temperature density separation, the most significant results to analyze
were individual and net operation costs, profitability, process score, and environmental impact. While analyzing the
energy cost required for melting each component of a solar panel, the main focus was on identifying the highest
energy-consuming material as well as possible ways to reduce the cost. Table 3 shows the component that consumed
by far the most energy during the melting process was glass due to its high melting point and making up the majority
of solar panels by mass as seen in Table 1 and Figure 5. Compared to the second most energy-consuming material in
solar panels with the aluminum frame removed, melting glass required nearly ten times the energy as melting silicon.
Therefore, if glass could be removed before the step of high-temperature density separation using a lower energy-
consuming technology such as hot-wire cutting, a significant reduction in net operation cost could be realized.

However, even without this potential improvement, the currently estimated net operation cost of high-tem-
perature density separation shown in Table 4 is already quite impressive. As seen in Figure 9, due to the minimal
operation cost and other liabilities, high-temperature density separation displays a significantly greater profit margin
than other recycling processes which should outweigh the uncertainties due to slight inaccuracies in theoretical calcu-
lations. Therefore, the theoretical positive profit will likely still apply in real-world conditions meaning that high-
temperature density separation will increase the incentive for recycling solar panels over the landfill alternative.

In addition to profitability, the process score gives insight into how practical high-temperature density sepa-
ration might be to scale up to meet future demands for solar panel recycling. Figure 9 demonstrates the strong direct
correlation between process score and profitability. However, the reason the process score of high-temperature density
separation does not perfectly follow the trend may be due to inaccurate assumptions of its real-world performance. As
seen in Table 5, the three main components of the process score were throughput capacity, energy consumption, and
the availability of energy recovery. The throughput capacity is the most important component when determining how
easily the recycling process might be scaled. A high throughput capacity would allow for a smaller recycling plant
size which would greatly reduce initial startup costs. Specifically for high-temperature density separation, the through-
put capacity was only rated as “moderate” due to the need of melting solar panels in batches instead of a continuous
process. However, with further research, it may be possible to use a continuous furnace to increase the throughput
capacity. A continuous furnace is a type of furnace that allows materials to be constantly fed into and removed from
the heating area similar to an assembly line (AG, n.d.). Although the energy consumption of high-temperature density
separation is high, it can be largely offset by energy recovery which means that the net energy consumption is not
inhibitive to scaling the process. Additionally, as discussed above, by removing the glass sheet on solar panels before
melting, it is possible to drastically reduce energy consumption.

Lastly, the environmental impact of a recycling process is important for maintaining the overall sustainability
of solar panels. Although no recycling process analyzed in this study was flawless in terms of environmental impact,
some are less problematic than others. Specifically, in high-temperature density separation, the only waste created is
EVA-related emissions as seen in Table 5. Compared to mechanical and chemical processes which produce highly
toxic hazardous waste, EVA-related emissions do not pose direct health threats to humans and are much simpler to
eliminate. The complete combustion of EVA produces water and carbon dioxide. Water poses no threat to humans or
the environment, but carbon dioxide does contribute to warming the global climate. Currently, there exist technologies
that can remove carbon dioxide from factory emissions and the atmosphere which can easily be implemented in a
solar panel recycling plant (Climeworks, 2022). Although this extra step will increase net operation costs, it will allow
the recycling process to maintain the sustainable image of solar energy.

ISSN: 2167-1907 www.JSR.org 12



HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 11 Issue 4 (2022)

Conclusion

The problem of creating an economically viable recycling process for decommissioned solar panels must be addressed
in order for solar energy to be truly sustainable. The high costs associated with current recycling processes have
inhibited their success in real-world applications. The high-temperature density separation process discussed in this
study aims to reduce recycling costs by simplifying the process. This was done by analyzing the material properties
of solar panel components, identifying the optimal heating method for carrying out the separation process, designing
a preliminary recycling plant layout, and calculating the operating costs and profitability. With the obtained results,
high-temperature density separation was compared with other recycling methods and evaluated on economic viability.
After analyzing the benefits and drawbacks of high-temperature density separation, potential areas for improvement
were described.

In conclusion, this research identified some key aspects of the concept of high-temperature density separa-
tion. These include choosing a proper heating temperature, method of heating, and designing an effective recycling
plant layout. The most optimal heating temperature for completing the density separation of solar panel components
was 1415°C. This temperature matches the component with the highest melting point which is silicon which minimizes
unnecessary energy consumption. The most effective heating method determined was induction heating, as seen in
Table 2 and Figure 6, because of its high efficiency. Important features of the recycling plant layout included the
compact organization of each step and ease of access to all pure recovered materials. Providing unobstructed access
to the recovered materials limits the complexity within the recycling plant and the transportation needed to deliver
and export goods.

Considering that the recycling process discussed in this study is a theoretical concept, future validation of its
function must be acquired through more research. As covered in the discussion, some current potential areas for im-
provement include reducing heating energy consumption, increasing throughput capacity, and eliminating EVA-re-
lated emissions. Future research on integrating hot-wire cutting into the recycling process would minimize energy
consumption. The feasibility of using continuous furnaces to complete high-temperature density separation must be
tested in the future. Additionally, research on lowering the cost of carbon emission capture systems will allow for a
more sustainable recycling process.

Limitations

This research was limited by a lack of resources and equipment to construct or simulate an experimental recycling
process. As a result, much of the research is based on theoretical values that are approximate estimates of real values.
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