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Solar panels are an ever-growing solution to generate clean energy. Lots of solar panels are popping up
on rooftops, next to highways, and in massive solar farms. Unfortunately, all of these solar panels degrade
over time and many need to be disposed of once as they reach their 25-year lifespan. However, they are
tightly constructed in order to have such a long life, which makes recycling difficult. In addition, the
recovered silicon is limited by its purity and cannot be directly reused in solar cells unless it goes through
a costly purification process. Thus, it is necessary to explore new applications for recovered silicon, like its
use as anode materials for lithium-ion batteries (LIBs). Although this alternative avenue has garnered inter-
est, comprehensive studies assessing its feasibility, environmental implications, and influence on the
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economy and supply chain are sparse. In this study, we offer a holistic overview of the current state of
solar panel recycling, critically examine its technical viability, and provide an in-depth analysis of the
associated environmental impact and economic and supply chain ramifications. This serves as a founda-
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Introduction

To achieve net zero by 2050, coal, gas, and oil-fired power
plants are being replaced by renewable energy sources to
reduce carbon emissions." Among the renewable energy
sources, photovoltaic (PV) energy has emerged as a reliable
and widely used renewable energy source. It has helped reduce
greenhouse gas emissions and provided low-cost electricity.
From 2000 to 2020, the global PV capacity has grown from 1.4
GW to 760 GW.” Currently, it generates almost 4% of global
electricity, and it is projected to continue growing in the
future.> However, at the end of their lives, solar panels bring
the challenge of disposal: the cumulative amount of solar
panel waste is predicted to be 80 million tons in 2050.* Four
types of solar modules are currently used commercially: crys-
talline silicon (c-Si), cadmium telluride (CdTe), copper indium
gallium selenide (Culn,Ga;_,Se, or CIGS), and amorphous
silicon (a-Si).* Among these types, c-Si solar modules compose
more than 90% of the global PV market.®> Therefore, c-Si
module recycling is the most pressing.
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tional guide for shaping future research in solar panel recycling.

However, since solar panels are designed to last for around
25 years,” they are not constructed for easy dismantling.>?
Currently, the main disassembly method is a mechanical
process. After removing aluminum frames and junction boxes,
recyclers often simply shred the rest and then separate and sell
them as low-value products, which can recover up to 85% of
the mass of a panel, including aluminum, glass, and copper.”
However, the solar wafers, including solar grade silicon and
other metals, are discarded because of their low added value
and the high cost of complicated purification processes, pre-
senting a significant hurdle in their recycling process.” In par-
ticular, the purity of waste silicon is insufficient for reuse in
solar cells, which necessitates a staggering 99.9999% (6 N)
purity. However, depending on the type of solar cell, they may
contain boron (B), phosphorus (P), silver (Ag), aluminum (Al)
or silicon nitride (SiN,). As a result, the recovered silicon must
undergo the costly Siemens method, adding to the expense of
the recycling process to reach the quality and purity of solar-
grade silicon.®” Finally, the landfill is an even worse disposal
method. The presence of lead (Pb) and tin (Sn) will cause
environmental concerns without proper disposal.

A potential solution to this problem is to find innovative
applications for the recovered silicon. Silicon is incredibly ver-
satile, yet its high-value applications, such as semiconductors,
generally demand the same stringent purity levels.” However, a
promising avenue appears to be its use as an anode material
in lithium-ion batteries (LIBs), which doesn’t stipulate such
high purity requirements. Moreover, the impurities found in
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discarded solar cells, such as B, P, and Ag, have been con-
firmed to enhance the stability of the silicon anode.®*° So, the
complexity of the purification process could be diminished,
paving the way for a more simplified, cost-effective, and less
energy-intensive recycling process. Therefore, this approach,
which academia has shown interest in, presents a feasible and
economically viable pathway for harnessing recuperated
silicon.®”

Herein, we advocate for a series of research and develop-
ment practices that could feasibly incorporate recovered Si into
LIBs. A comprehensive overview of the existing status and
obstacles associated with solar panel recycling will be pro-
vided. The technical feasibility of reusing waste solar panel Si
in LIBs will be investigated. The potential ramifications for the
supply chain, along with a detailed evaluation of the possible
economic advantages and environmental impacts, will be
assessed. The purpose of this paper is to inspire innovative
thought and provoke fresh ideas within the area of solar panel
recycling, potentially laying the groundwork for more sustain-
able patterns of energy generation and utilization.

Status and challenges of recycling
solar panels

Currently, PV recycling mainly involves two steps: disassembly
and purification. Although there are thousands of models of Si
PV panels, they generally share the same basic design. The
sandwich structure solar cells, composed of aluminum, silicon
and silver, are connected into modules by copper wires sol-
dered with Pb and Sn. Then, these modules are sandwiched
between two layers of poly(ethylene-co-vinyl acetate) (EVA) to
ensure a weatherproof seal. Finally, it is sandwiched again
between a sheet of glass on top, polyethylene terephthalate
(PET) and poly(vinyl fluoride) (PVF) behind, and surrounded
with Al frames. This sturdy structure provides an extensive life-
span, but it results in challenges during disassembly. In the
disassembly process, removing the junction box and Al frame
is the easiest part and most recycling facilities stop there.
Removing the glass cover is the most challenging part since
the EVA is hard to remove or decompose.

Currently, there are three main disassembly methods to
tease off the glass cover, including mechanical, chemical, and
thermal treatments. The different disassembly methods will
lead to different difficulties in the purification step.
Mechanical processes dominate the recycling industry because
of their simplicity and low cost. After the aluminum frame and
junction box are removed, many PV recycling facilities shred or
incinerate the rest together and conduct simple separation by
size or density.>* Then, the glass cullet and low purity silicon
mixed with silver are sold as low value recycled products due
to complicated refining processes. However, the value of Ag
and Si is over 50% of the value of a typical Si PV cell,” which
means that the main reason for an unprofitable PV recycling
process is unrecyclable Si and Ag.
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Therefore, alternative methods, such as pyrolysis'®> and
chemical treatments,'” are designed to gently peel off glass
and solar cells for recycling Si and Ag in solar cells by remov-
ing or extracting EVA. EVA is a substance frequently used to
encapsulate solar cells, protecting the PV panels.'? This encap-
sulation complicates the separation of the glass cover, back
sheet, and the recycling of the solar cell. Consequently, most
PV recycling facilities typically only recycle easy-to-remove com-
ponents. As shown in Fig. 1, chemical treatments employ sol-
vents to extract the EVA.'” EVA can swell, dissolve and separate
in most organic solvents, but due to the limited contact areas,
the reaction time is longer than expected. Kumar Trivedi
et al.™ investigated ten organic solvents and conducted a com-
parative study of EVA swelling during an interaction between
organic solvents and EVA. Prasad et al.*® studied the optimiz-
ation of parameters, including efficient solvent investigation,
the best position for dissolution, temperature effects on solu-
bility and saturation studies of EVA. However, these methods
face cost and safety concerns. The solvents, while effective,
come at a high price and pose significant threats to both
human health and the environment, making them less
desirable.

On the other hand, thermal treatments involve heating the
panels in an oven for a specific duration."® Upon completion,
the encapsulant, copper wire ribbons, and the actual cell can
be separated and processed.'® Although thermal methods
prove to be more economically viable and safer when executed
correctly, they have a high energy cost'” and produce CO,
emissions'® and may result in harmful gas generation because
of the decomposition of the back sheet.'” Dobra et al'®
claimed that it took only 33 minutes to remove EVA at 600 °C.
Fiandra et al.*° removed EVA after milling off the back sheet at
500 °C for 1 h. In addition, based on thermal treatment,
researchers developed many interesting but efficient processes.
NPC Japan has developed commercial equipment using a
heated blade to melt the EVA layer to separate glass from other
materials.”" Li et al.” utilized a laser to weaken the adhesive
strength of the back EVA and remove the back sheet. However,
these pyrosis methods are still limited by their high energy
cost and the possibility of harmful gas generation.

As mentioned at the beginning, the purification step faces
different challenges with different disassembly methods.
Similar to the PV panel structure, the solar cell is also a sand-
wich structure: the top is an antireflection layer of SiN, with
front contact of Ag and Cu ribbons (Cu ribbons always contain
some Pb and Sn, which are harmful to the environment), the
middle is a silicon wafer and part of it with P or B doped, and
the bottom is a passivation layer of SiO, or SiN, and rear
contact of AL>*> However, during the regeneration process of
solar cells, the antireflection layer, front contact, passivation
layer and rear contact need to be removed. The dopants of P
and B have to be removed from the Si wafer as well. Therefore,
thermal and chemical treatments, including hot blade and
laser methods, are more welcome because they can obtain
intact solar cells. In this case, the surface contact, anti-reflec-
tive coating, passivation layer, and rear contact can be removed
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Current Solar Panel Recycling Process
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Fig. 1 The current solar panel recycling process with thermal and chemical treatments.

layer by layer, which is usually done by chemical etching. Ag,
with or without Cu ribbons, can be etched with inorganic
acids, like nitric acid (HNO;)** or a combination of acids of
HNO; and hydrofluoric acid (HF).>* The antireflective layer is
always removed by harmful acids, such as HF*® or phosphoric
acid (H3PO,).”® Sodium hydroxide (NaOH),>*?® potassium
hydroxide (KOH)** and HF*®*” are utilized to remove the p-n
junction, which is B or P doped Si. The removal of doped B or
P is very difficult so the layer is always etched. The Al from the
back contact can be etched with the same chemicals as the
front contact or antireflective layer."”

However, there are still some concerns regarding this
method. The recycling rate of the etching process is low, which
was mostly reported to be around 85%.'” This is because Si
will react with HF and alkali and each layer is very thin, so to
avoid loss of Si, the etching process must be strictly controlled.
Secondly, HF is very harmful to humans and the environment,
leading to fluoride wastewater and possible secondary pol-
lution. Third, there are many different types of solar cells with
different structure and composition, and one process can not
fit all of them perfectly. Thus, the etching conditions, etching
solution and the order of etching parts need to be optimized
case by case. In addition, the parts in the etching solution are
not considered to be recycled again, which means that
6-10 wt% of solar cells cannot be recycled. Finally, although
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many studies mentioned that they can obtain the intact spent
solar cell after thermal or chemical treatment, microcracks
have not been investigated and may occur, which makes Si
wafer defective. When removing EVA by chemical or thermal
methods, the volume of EVA will expand first, leading to
pressure on solar cells. After etching, the thickness of the Si
wafer will be thinner, which is more brittle.

On the other hand, the mechanical process will bring the
biggest challenge to solar cell recycling since it shreds all these
parts together into powders to produce metallurgical-level
silicon. Therefore, Si will be exposed to the etching solution
and dissolve in the solution if applying the etching method to
the mixture powder for purification. Although it has potential
to serve as the feedstock of metallurgical-grade Si in the supply
chain of Si wafer production, impurities, such as SiN,, Ag, B
and P, are not common in regular feedstock, leading to con-
cerns about the refining process. Thus, most current recycling
companies stop here and sell it as a low value product.
However, it is still possible to recycle Ag as a valuable product
by using HNOj;, which will not react with Si. Above all, many
refining and purification works are necessary and needed in
the mechanical recycling process after shredding.

In summary, compared to the mechanical recycling
process, chemical and thermal recycling processes are more
feasible to re-introduce solar cells back into the supply chain.

This journal is © The Royal Society of Chemistry 2024
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In particular, the aim is to reuse recycled Si wafers in solar cell
production directly, which can gain more benefits from chemi-
cal and thermal treatments. However, the recovered Si may
have defects, which is more likely to be re-introduced in crystal
growth or ingot production. Considering the long recycling
path and harmful chemicals utilization, solar panel recycling
may not be profitable and environment friendly. Therefore,
upcycling solar panel silicon for an application, where purity
is not paramount, could be a better choice.

Technical challenges of upcycling
solar panel silicon

Exploring new applications with lower purity requirements
and high value is a feasible solution for solar panel recycling.
Si anodes, as a high value application of Si, can be manufac-
tured by using recycled Si from solar panel to reduce cost.
Silicon anodes in next generation LIBs deliver an ultrahigh
capacity of 4200 mA h g~'.” However, the massive volume
changes (around 300%) during the lithiation and delithiation
processes cause fragmentation and disruption of electrical
contact between particles, leading to rapid degradation and
capacity fading.*®*' Thus, to introduce recycled solar panel Si
into LIB manufacturing, two main challenges must be
addressed to reach the performance quality and suppress the
volume change.

The first challenge is purity. Although the purity require-
ment of the Si anode is only over 2 N,*> much lower than that
of solar cells (>6 N), Si found in solar panel waste typically
maintains an exceptional purity level, around 90 wt%, even
without further purification.® Hence, a straightforward purifi-
cation process is necessary. However, it is worth noting that
certain impurities may actually enhance the performance and
stability of the Si anode and suppress its volume change,
potentially reducing the need for extensive purification. For
instance, elements like B**** and P*> are challenging to be
removed from Si wafers but they have been shown to improve
the initial coulombic efficiency and stability of the Si
anode.?**! Additionally, SiO, *® and Si0,,*” from the oxidation
of Si wafer causing solar cell failure, have demonstrated poten-
tial as anode candidates. SiN, has also been explored as an
anode material for LIBs***° suggesting the possibility of
retaining it as part of the silicon anode. Moreover, while metal
impurities in cathodes are generally viewed negatively,"* they
can alloy with Si to form anodes of LIBs,"* such as Cu-Si,*
Sn-Si,** and Al-Si.*> Although Pb is not commonly reported as
an alloying anode material with Si, it can serve as an anode in
LIBs.*” Lastly, silver can improve the electrochemical conduc-
tivity of Si. Consequently, the purification process for upcy-
cling solar panel Si into LIB anodes primarily aims to control
the quantity and formation of these “impurities” to achieve
better performance of the Si anode while keeping the purifi-
cation simple, cost-effective, and environment-friendly.

Morphology is another key parameter for the Si anode to
suppress the volume change and improve performance. The
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high lithium stoichiometry of Si, accommodating 3.75 Li
atoms per Si atom, results in significant volume changes
during battery cycling,*® causing particle fracture and limiting
cycle life. Lithiation/delithiation induces two types of cracks:
anisotropic expansion?’*° and stress reversal®® because of
different lithiation rates, leading to pulverization and capacity
decay. Studies show that Si particles can endure stress if below
150 nm,” driving research into using nanosize Si as a viable
anode material,>> such as nanoparticles,”® nanolayers,’*
nanowires,”>® and nanotubes.”” However, due to a low tap
density, poor coulombic efficiency and intricate synthesis of
nanosize Si, the development of microstructures that possess the
properties of nanoscale Si holds great significance and practical
value, like core-shell,®® yolk-shell,>*®® and porous.®®* In
addition, to alleviate the foregoing challenges, the incorporation
of silicon active materials in carbonaceous products (e.g., carbon
nanotubes, graphite and graphene) is considered as a widely
applied process for anode enhancement.>

While various morphological design strategies have been
explored to address the challenges associated with Si anodes, a
definitive conclusion regarding the optimal morphology is yet
to be reached. Notably, when dealing with recycled Si sourced
from Si wafers with a fixed morphology, the process of mor-
phology conversion becomes pivotal in the upcycling endeavor.
In light of this, we recommend the conversion of Si wafers into
nano-sized particles or porous structures. These particular
morphologies are deemed more feasible for conversion when
compared to other options, presenting a promising avenue for
enhancing the Si anode performance in lithium-ion batteries.

Technical feasibility of upcycling solar
panel silicon

To date, silicon cutting waste® and metallurgical Si with low
purity®® have been successfully utilized to synthesize low-cost Si
anodes. The synthesis of Si anodes using Si ingot sawing ash®®
and waste PV panels®® has also been reported, indicating the
feasibility of upcycling Si into materials for LIBs. Therefore, this
section focuses on the technical feasibility of upcycling Si from
waste PV panels into anode materials for LIBs by summarizing
reported work and proposing potential work.

Although many research studies have reported the upcy-
cling of Si from waste solar panels into LIB anodes, they are
still using the etching method to increase the purity of recov-
ered Si. Liao et al.*” used a combined method of chemical and
thermal treatment to obtain waste solar cells, and HCI, HNO;
and HF were utilized to remove impurities. The purity of the
recovered Si was 99.91 wt%. Then, the particle size of purified
Si was reduced and mixed with graphite by ball milling. The
obtained Si/C anode presented better rate and cycling perform-
ances compared to unpurified Si and unpurified Si/C anodes.
Sim et al.®® used the combination of H;PO,, HNO;, and KOH
to replace HF in the purification process and gained nano-
particles of recycled Si with 99.5 wt% purity via ball milling.

However, above methods reported similar purification
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methods in recycling Si back to solar with similar chemical
usage, so that the process, cost, energy cost and environmental
impact are not prompted.

As we expected, the upcycling process will use less chemi-
cals and a short purification process, especially eliminating
the utilization of HF. Hence, the above examples are not pre-
ferred. The process, like Boon Tay et al.'* reported, only used
HCl for purification and obtained Si with a purity of
91.94 wt%. The Si-graphite anode containing 10 wt% of recov-
ered Si attained 87.5 wt% retention after 200 cycles at a high
charging rate of 500 mA g~*. Rahman et al.” reported a purifi-
cation process with KOH only and the recovered nanoparticle
Si-graphite anode was obtained by ball milling. Liu et al.®®
reported that the ball milled solar cells could be directly
reused in LIBs as anode materials without any purification
process. In this work, the purity of the recovered Si is less than
90 wt% and Al was converted to Al,O;, which plays a signifi-
cant role in inhibiting the volume change. These works indi-
cate that the upcycling strategy can effectively reduce the com-
plexity, cost, energy cost and environmental impact of solar
panel recycling and enhance its profitability and efficiency.

On the other hand, morphology conversion must be con-
sidered in the upcycling process.®® Zhang et al”° utilized nano-
metal catalyzed HF acid etching to recover porous Si/carbon
anode materials after a simple purification process. Because of
the properties of Si, HF is always used to make pores on Si,**”°
while it is not expected in a sustainable process. Fortunately,
there are many ways to obtain a porous structure for Si. Zhang
et al.”* successfully recovered a porous Si anode by employing the
molten-salt electrolysis method. Sreenarayanan et al.”® reported
an atomization process after ball milling purified solar and semi-
conductor-grade silicon scrap to synthesize the spherical jack-
fruit-like structured Si anode.

Therefore, HF is replaceable in both purification and mor-
phology modification processes, leading to a greener and more
sustainable recycling process. Fig. 2 presents three potential
methods to upcycle waste solar cells to anodes of Li-based bat-
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Fig. 2 Three potential methods for upcycling waste solar cells to
anodes in Li-based batteries: ball milled nanoparticles for LIBs, etched
porous particles for LIBs, and surface purified wafers for all solid-state
batteries.
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teries. Nanoparticles and porous Si have been discussed. The
silicon wafer can also be reused in all-solid-state batteries
(ASSBs). Na et al”® reported an interesting study where
grooved Si wafer presented better performance as an anode in
ASSBs, paving a new way for next-generation high-energy
ASSBs. Inspired by this work, waste solar cells have the poten-
tial to be directly reused in ASSBs with or without a simple
surface purification process, avoiding the morphological modi-
fication process in the proposed upcycling strategy. In
summary, repurposing Si from waste PV in LIB anodes is a
more efficient, cost-effective, and environment-friendly upcy-
cling process compared to the conventional recycling process.

Triple bottom line assessment of solar
panel silicon

The integration of recovered solar panel silicon into LIB
anodes is not just a technical enhancement—it is a paradigm
shift in green chemistry and sustainability. According to Roger
A. Sheldon,” a technology is considered sustainable when it
meets three dimensions of sustainability, which are called the
“triple bottom line”. To comprehensively examine the advan-
tages of this method over others, this study conducted an
investigation from environmental, social, and economic per-
spectives (as shown in Fig. 3).

Environmental

Recovered silicon from used solar panels offers multifaceted
environmental advantages. Firstly, the ultrahigh capacity of Si
significantly boosts the LIB performance, especially in terms
of energy density. This indirectly contributes to the prolifer-
ation of renewable energy storage solutions, reducing the

Environment

« Reduced chemical waste and
gas emissions.

« Decreased energy
consumption.

Fig. 3 Triple bottom line assessment Venn diagram.
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reliance on fossil fuels and promoting the transition to a
cleaner energy ecosystem.

Secondly, since this strategy does not require high purity
for the recovered Si, the energy consumption for purification
can be significantly reduced by over 50% compared to the
route for high purity silicon production.*” While the water con-
sumption aspect is not explicitly detailed in previous research,
it is plausible that the reduced complexity of the purification
process could also lead to lower water usage.

The substantial decrease in energy usage is directly corre-
lated with a marked reduction in greenhouse gas emissions. A
study by Riahi et al.”’ analyzed a thermal treatment recycling
process with detailed data on energy consumption and emis-
sions. Based on their proposed process, the emission of
carbon dioxide equivalent (CO,e) is less than 1/3 of conven-
tional Si production. In the face of the high energy consump-
tion of the pyrolysis process and complex purification pro-
cesses for the recovery of solar panel Si, the proposed strategy
in this work may lead to even lower CO,e.

Additionally, our proposed strategy reduces reliance on
hazardous chemicals, such as HF, in the recycling process, cur-
tailing the risks of secondary pollution and waste generation.
Although HF can react with most Si-related materials to obtain
a higher purity of the recovered product, it is a highly corrosive
liquid and powerful contact poison, leading to safety and
environmental issues. By avoiding processes that release
harmful chemicals into the atmosphere, this proposed strategy
can contribute to reducing smog formation and ozone
depletion; besides, the specific impact would need further
quantification. In summary, upcycling silicon in LIBs holds
the potential to alleviate certain environmental issues by elimi-
nating chemical waste and gas emissions and decreasing
energy and water consumption.

Social

Social sustainability such as workplace safety is another impor-
tant advantage of this strategy. This advanced method could
significantly lower the risk of accidents in workplaces and
health concerns for workers, by reducing the reliance on toxic
and hazardous chemicals. Workers are less likely to be
exposed to toxic gases, flammable materials, and other danger-
ous substances during purification, leading to a safer and
healthier work environment. Such improvements in occu-
pational safety are crucial, as they directly affect the well-being
of employees and reduce the likelihood of work-related inju-
ries and illnesses. The reduction in toxic exposure limits the
risk of long-term health concerns among workers, such as res-
piratory problems, skin conditions, or more severe chronic
diseases.

In addition, this is particularly important for communities
close to recycling facilities, as it decreases the likelihood of
environmental contamination that can affect public health.
Furthermore, this strategy of adopting a process that priori-
tizes health and occupational safety can enhance the public
perception of the recycling industry. By demonstrating a com-
mitment to social responsibility and employee welfare, the
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industry can build trust and goodwill within communities and
amongst stakeholders. This positive perception can lead to
stronger community-industry relationships and potentially
garner public support for recycling initiatives and bring
further economic benefits.

Economical

The role of economic indicators in ensuring sustainability
cannot be underestimated. Firstly, this advanced strategy of
upcycling waste silicon holds the potential to decrease costs by
simplifying purification processes compared with recycling Si
back to solar panels. This led to low energy and chemical costs
- acid for etching.

In addition, though recycling solar panels is often seen as
unfavorable due to the expense of around $15-$45 to recycle a
silicon PV module in the US”® compared to just $1-$5 for land-
fill disposal,>”® other potential costs—such as those tied to
waste processing—are frequently disregarded in the analysis.
This strategy saves costs for waste processes by generating less
waste and secondary pollution.

Furthermore, this strategy can generate more valuable
reclaimed silicon for their use in LIB anodes than in solar
panels. Presently, the price of Si-based anodes ranges between
$14 000 and $17 000 per ton, while the cost of LIB Si-based
anodes surpasses that of graphite anodes, which are priced
between $4880 and $10458 per ton,”> and their ultrahigh
capacity brings a notably higher energy density. Therefore, the
need to explore and develop new methodologies for producing
cost-effective Si-based anodes is imperative. Additionally, the
price of solar-grade silicon is around $10 per kg ($10 000 per
ton),””> which is lower than that of silicon anodes. Therefore,
this variance could lead to potentially higher profits for
recyclers.

In summary, upcycling silicon from discarded solar panels
for incorporation into LIBs not only streamlines the recycling
procedure and benefits the environment and society, but also
culminates in a more economically efficient approach.

Supply chain analysis of upcycling
solar panel silicon

Supply chains are receiving increasing attention as green
chemistry and sustainability are considered. Although there
have been studies focusing on repurposing waste Si from solar
panels to LIBs, studies from a supply chain perspective are
insufficient. A thorough investigation into the advantages of
this strategy from the supply chain perspective, especially
focused on demand, is executed in this study.

Firstly, diversifying silicon supplies for Si-based anodes by
adopting recycling from solar panels could enhance the flexi-
bility of the supply chain. The Li-Si batteries and solar panels
are intricate since both are dependent on the supply of silicon,
as shown in Fig. 4. The increasing demand for LIBs and solar
panels is leading to an increased demand for Si at an increas-
ing price. In 2017, the global demand for metallurgical silicon
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Fig. 4 The supply chain of solar cells and Li-ion batteries with Si anodes.

(MGS) stood at 29.59 million tons, 13.59% of which was
attributable to solar applications.’

Predictions indicate that this demand will escalate to
44.80 million tons by 2030,”*> with the solar industry’s con-
sumption increasing from 4.02 million to 9.45 million tons
over the same period.’

Simultaneously, the growing electric vehicle market, and
the consequent boom in LIB production, have amplified the
demand for silicon, an integral element of Li-Si battery
anodes.” It is estimated that by 2030, there will be a demand
for 0.94 million tons of Si anodes for LIBs, accounting for 10%
of the projected Si demand, which may pose challenges to the
Si supply chain.”” As of August 2021, the average spot market
price for silicon metal was nearly 50% higher than the annual
average price in 2020.”> Generally, the strategy of upcycling
silicon from solar panels to Si-based anodes enriches the sec-
ondary use scenarios of silicon, making the solar panel and
LIB supply chains more intertwined. Therefore, this strategy
can effectively enhance the flexibility and efficiency of silicon
supply chains.

In addition, the fragility of silicon supply chains is ampli-
fied by a multitude of regional and geopolitical influences. A
staggering 68% of the world’s silicon production emanates
from China. This inherent instability in supply chains is par-
ticularly pronounced due to the uneven distribution of MGS
production across the globe. In order to establish a more resili-
ent supply chain, manufacturers in specific nations have
initiated explorations into diversifying their sources of silicon
or even advancing non-Si perovskite technologies to remove
dependence on other countries. Consequently, the strategy of
upcycling silicon from solar panels for LIB applications arises
as a viable strategy to mitigate regional limitations and
augment supply diversity in the long term.

In conclusion, upcycling silicon from waste solar panels to
produce LIBs can not only improve the flexibility and
efficiency of supply chains, but also enhance the stability and
diversity of the silicon supply.

Perspectives and conclusions

It is evident that the world is entering a new epoch in energy
generation and storage, with PV and Li-based batteries playing
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pivotal roles. The coming mass of waste PV and immature re-
cycling technologies have led us to rethink the methods
employed for PV recycling and disposal. As described above,
existing PV recycling methods fail to capture the full material
value. The recycled materials are of low purity or are not com-
pletely harvested, and the multi-step purification processes are
complicated and accompanied by harmful chemicals. These
challenges make PV recycling unfeasible in the economy. This
perspective suggests a solution that bridges these challenges
with LIBs: repurpose Si from waste solar panels into LIBs. This
strategy has the potential to not only improve the effectiveness
of PV recycling, but also to lower the costs of Si-based anodes
and increase the energy density of LIBs. This process opens up
avenues for a more efficient, cost-effective, and environmen-
tally friendly use of silicon.

Despite the promise of the proposed resource recovery strat-
egy, several challenges must be addressed to realize its full
potential. One crucial obstacle is characterizing the types, con-
centrations, and functional roles of impurities in waste silicon
from solar panels. Currently, the literature offers limited
insights into the profile of these impurities, thereby complicat-
ing the downstream recycling processes. Given that impurity
management remains a high-priority issue across various re-
cycling processes, it often necessitates complex and potentially
hazardous purification steps that could give rise to secondary
pollution. Therefore, a comprehensive understanding of the
impurity profile is essential for the development of targeted
purification methods.

Furthermore, the purity requirements for Si anodes in bat-
teries are notably more lenient than those specified for solar-
grade Si. Although impurities are conventionally considered to
be deleterious to the material performance, intriguingly,
certain types of impurities in waste solar panel silicon may
confer beneficial properties to Si anodes. This difference intro-
duces innovative perspectives and necessitates alternative pro-
cessing methods for managing impurity concentration and
composition. Thus, in-depth investigations are needed to elu-
cidate the specific concentrations and roles of these impurities
to optimize the material performance.

Another complex issue centers on the necessity for mor-
phology conversion in Si anodes. Due to their substantial volu-
metric changes during charge and discharge cycles, Si anodes
require specialized morphological designs, such as nano-
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particles or porous particles, to mitigate these effects. Various
methods exist for achieving morphology conversion, including
ball milling, as well as chemical and electrochemical etching
techniques. Notably, ball milling has demonstrated its efficacy
in strategies aimed at repurposing silicon. However, there
remains a pressing need to develop innovative, cost-effective,
and efficient techniques. One potential avenue for optimiz-
ation involves the concurrent processing of impurity refine-
ment and morphology conversion. Such an integrated
approach could streamline the upcycling process, thereby
enhancing its economic viability. Although this integrated
solution has been sparsely reported in the literature, insights
may be gleaned from existing research on the Si morphology
for diverse applications, which often employ acid and alkaline
solutions capable of impurity refinement.

Moreover, traditional chemical etching processes that yield
the desired porous structures frequently involve the use of HF,
a substance at odds with the environmental and social objec-
tives of this strategy. This highlights the imperative to explore
alternative methods for morphology conversion devoid of HF,
such as acid-assisted ball milling, alkaline etching, and HF-
free electrochemical etching techniques.

In addition, the imperative to develop next-generation re-
cycling technologies, particularly those inspired by silicon
anode manufacturing, cannot be overstated. The silicon wafer
featured in state-of-the-art all-solid-state batteries serves as a
seminal example®® that has the potential to revolutionize the
field of solar panel recycling. Building on this foundation,
researchers have the opportunity to investigate techniques for
the meticulous removal of surface metals and SiNx to produce
high-performance silicon wafer anodes. It is essential to main-
tain structural integrity by preventing cracks during the purifi-
cation and resizing stages, as such flaws could compromise
performance. This multidimensional approach will pave the
way for a new era of performance, efficiency, and environ-
mental stewardship.

Additionally, some valuable metals, like Ag, which are not
necessary for Si anodes, should be considered to be extracted
by a simple pre-purification process to enhance the supply
chain of solar cells and promote a circular economy of solar
panel recycling.

This study examines the advantages of this strategy from
the perspective of the “triple bottom line”. However, the exist-
ing literature and studies provide insufficient quantitative ana-
lysis of these environmental, social, and economic advantages.
Therefore, we suggest that future studies provide an in-depth
assessment of the sustainability of this strategy through
methods such as techno-economic assessment (TEA) and life
cycle assessment (LCA) modelling.

The environmental advantages inherent to this innovative
approach are of paramount importance. As previously eluci-
dated, the recycling of silicon sourced from PVs in LIBs not
only diversifies the silicon supply chain but also simplifies the
purification processes, thus resulting in a substantial
reduction in energy consumption and waste emission.
Consequently, this strategy aligns seamlessly with the aspira-
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tions of achieving net-zero emissions. Given the increasing
emphasis on environmental advantages in investment
decisions, we contend that this technology possesses the
potential to draw substantial interest from ethical investors,
environmental, social, and governance (ESG) investors, and
green investors.

Recycling silicon extracted from PVs and repurposing it for
use in LIBs is a promising approach to bolster supply chain
flexibility, efficiency, and stability. As we look ahead to the
future development of this supply chain, it becomes increas-
ingly imperative to transition from laboratory experiments to
industrial implementation, thereby fortifying the practical
application of this strategy and securing the longevity of
supply chain improvements.

The upcycling of waste solar panel silicon for LIBs has the
potential to intertwine the supply chains of solar cells and
LIBs. Consequently, it is imperative to enhance collaboration
among stakeholders to facilitate the industrialization and scal-
ability of this strategy. Government entities and official organ-
izations are poised to play pivotal roles in the regulation and
oversight of this emerging field. The diversification of re-
cycling methods represents an inevitable trajectory for the
future of the recycling industry.

In conclusion, as global energy needs escalate alongside
mounting environmental concerns, the imperative for sustain-
able and efficient energy solutions is increasingly urgent. The
innovative upcycling of waste solar panel silicon for lithium-
ion batteries (LIBs) presents a compelling avenue to address
these multifaceted challenges, highlighting the critical role of
interdisciplinary collaboration and technological ingenuity in
steering society toward a more sustainable trajectory. This
work further emphasizes the indispensability of robust govern-
mental oversight, including the development and continual
refinement of legislative frameworks, as well as the allocation
of financial resources to facilitate cleaner, more efficient re-
cycling technologies. Such a multi-pronged approach, combin-
ing technological advancements with policy support, has the
potential to catalyze transformative changes in both energy
storage and waste management, thereby contributing signifi-
cantly to global sustainability objectives.
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