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Current solar photovoltaic (PV) installation rates are inadequate to combat global warming, necessitating
approximately 3.4 TW of PV installations annually. This would require about 89 million tonnes (Mt) of
glass yearly, yet the actual production output of solar glass is only 24 Mt, highlighting a significant supply
shortfall (3.7 times). Moreover, there is scarce information about the iron content of many sand deposits
worldwide. Low-iron sand is required for PV glass production, to make the glass highly transparent and
reduce the absorption of solar energy. Additionally, glass manufacturing leads to significant emissions,
with fossil fuels being the primary energy source. Recycling offers a promising partial solution, with some

available techniques enabling the clean recovery and reuse of end-of-life PV glass (cullet) for new
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sheets for potential reuse in new PV modules. Furthermore, there is an opportunity to establish new

DOI: 10.1035/d4se01567¢ glass factories with lower emissions through strategies such as hydrogen fuel adoption, electrification,
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1. Introduction

Global energy demand has surged in recent decades due to
population growth and technological advancements. However,
this demand has primarily been met by fossil fuels, intensifying
climate change through greenhouse gas emissions.' Addition-
ally, fossil fuel resources are unevenly distributed globally,
leading to disparities in reliance among nations.* In response to
these challenges, extensive research has focused on identifying
cleaner energy alternatives. Solar photovoltaics (PV)s have
emerged as a promising solution, attracting significant atten-
tion, and witnessing rapid growth in demand.** Global PV
installed capacity reached 446 GW worldwide in 2023, with
China leading with 235.5 GW, followed by the European Union
(55.8 GW), US (33.2 GW), India (16.6 GW), etc.”

Studies suggest that achieving climate change mitigation
goals, such as limiting global temperature rise to 1.5 °C,
requires substantial PV deployment (Table 1). For instance,
a 2016 prediction suggested a cumulative PV installation of 4.5
TW by 2050. In a recent study, it was suggested that to combat
climate change, the annual deployment should ramp up from
the current rate at 1 TW to reach 3.4 TW per year by 2037 and
after reaching that, maintain the same pace at 3.4 TW per year.
This would lead to a cumulative PV installation of 75 TW by
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2050 (baseline scenario of our analysis).** Such dramatic growth
forecasts indicate a significant demand for photovoltaic
modules in the foreseeable future.

Different technologies and materials have been used to
manufacture these modules, but crystalline silicon (c-Si) PV
technology dominates the market with over a 90% share.'” A c-Si
PV module typically includes interconnected PV cells encased
between weather-proof glass and a plastic laminated backsheet,
connected electrically. Ethylene-vinyl acetate (EVA) or an alter-
native material (PET (polyethylene terephthalate) or PVF (poly-
vinyl fluoride)) encapsulates cells to withstand outdoor
conditions.'® The front glass is tempered, while the backsheet
may be made of Tedlar® or another glass sheet. Glass-glass
(bifacial) PV modules are also increasing in market share. Glass,
comprising 67% of a glass-backsheet module's weight (Table
2),"*' is predominantly soda-lime-silicate (in about 90%
modules), due to its low cost.* This glass is typically 3.2 mm
thick.”> Most modules have an aluminium frame, but frameless
modules are also in production, for use with special
mounting.”

The rapid expansion of PV manufacturing necessitates
a substantial amount of glass, with forecasts suggesting
consumption ranging from 64-259 million tonnes (Mt) and
122-215 Mt by 2100.*** This demand places significant pres-
sure on raw materials for glass production. While recent
research has addressed material demand and recycling strate-
gies for PV production,®?® challenges specific to PV glass
production and recovery processes remain almost unexplored.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Different global PV growth scenarios considered by various studies

Cumulative installed PV
capacity (TW) in year

Climate scenario

Reference 2030 2050 and condition

Haegel et al. (2017)® 5-10 — Decreasing module cost to $0.25 per W and increasing the efficiency of PV
modules to 25% for cumulative deployment of 5-10 TW

Bogdanov et al. (2019)° 7 22 100% electricity from renewable energy without fossil fuel and nuclear energy

IRENA (2019)"° 2.84 8.52 Achieving the Paris climate agreement through deep electrification and
increased energy efficiency. Annual 270 GW and 372 GW of PV capacity
additions by 2030 and 2050, compared to 94 GW added in 2018

Goldschmidt et al. (2021)"" — ~20-80 To prevent the world temperature from rising above 1.5 °C, the power
conversion efficiency of the modules needs to increase (24.1-25.9% by 2030 and
27.8-30.7% by 2050) while capital cost needs to be decreased (40-10 cents per
watt-peak by 2050 compared to the purchasing power of the currency in 2020)

IEA (2021)"? 0.63 1.26 134 GW additions per year in 2020 needs to ramp up to 630 GW additions per
year by 2030 and then stay at 630 GW additions per year through 2050

IRENA (2022)"? 5.2 14.03 The cumulative solar panel installation capacity must reach 5.2 TW by 2030 and
14.03 TW by 2050 to limit the global temperature increase below 1.5 °C

Haegel et al. (2023)"* 8 75 To limit the world temperature increase below 1.5 °C, PV installations needs to
reach 3.4 TW per year by 2037 and then maintain a steady pace

IEA (2023)"° 0.82 1.64 134 GW additions per year in 2020 needs to ramp up to 820 GW additions per

year by 2030 and then stay at 820 GW additions per year through 2050

Table2 A “"standard” c-Si monofacial PV module's weight and value composition. Adapted from ref. 18, which used ref. 19-21 to calculate these

values. Unit price and recycled revenue assume recycling market prices (where available) or raw material prices

Material Unit price (USD per kg) Proportion of module by weight Recycled revenue (USD per m?)
Glass Solar glass 0.091 67% 0.67
Frame Aluminum 1.5 16% 2.7
Ribbon Total 0.9% 0.56
Lead 2 0.01% 0.00
Copper 4.4 0.8% 0.38
Tin 16 0.1% 0.18
Solar cells Total 4.7% 3.1
Aluminum 1.5 0.3% 0.05
Silicon 2.7 4.4% 1.30
Silver 647 0.03% 1.79
Plastics Total 11%
PET N/A 2.6% N/A
PVF N/A 0.8% N/A
EVA N/A 6.7% N/A
Silicone N/A 0.9% N/A

Producing highly transparent PV glass requires low-iron silica
sand and various other materials such as limestone, soda ash,
dolomite, and alumina. According to two standards for PV glass
manufacturing in China, national (GB/T 30984.1-2015)*’ and
industrial (T/CPIA 0028.1-2021),*® the Fe,O; content of ultra-
white patterned and float glasses should not be higher than 150
ppm. The PV glass industry uses antimony and its compounds
to regulate the Fe,O; content in the patterned glass to increase
the glass clarity by oxidizing ferrous oxide (FeO) into Fe,03.*
However, its presence poses challenges for float glass manu-
facturers due to potential reactions in the manufacturing
process.>®

The PV glass industry emits significant emissions. For
instance, European glass factories emit around 0.74 tonnes (t)

This journal is © The Royal Society of Chemistry 2025

of CO, per t of flat glass produced.*® However, regional differ-
ences in fuel and, to a much lesser extent, electricity sources,
will affect this emission and the value can range between 0.65
and 0.76 t of CO, per t of flat glass produced.* Due to high
melting temperatures, producing 1 t of glass requires 2-3 MWh
of energy.** Consequently, glass factories consume a significant
amount of energy annually, with, for example, the UK glass
sector consuming 0.5% of total UK energy in 2019.* These
factories heavily rely on conventional fuels like natural gas and
coal, with European Union (EU) glass manufacturing factories
consuming less than 1% of the natural gas consumed yearly
across the EU.*

This study aims to address the challenges, such as supply
risk of raw materials, high energy, and carbon emission, faced

Sustainable Energy Fuels, 2025, 9, 1414-1431 | 1415
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by the PV glass industry in detail. It reviews projected glass and
raw material requirements for 3.4 TW annual production,
examines issues concerning raw material scarcity, energy/envi-
ronmental impacts, and waste management, and explores the
role of recycling in addressing these challenges.

2. PV glass production process

Two main types of PV glass are ultra-white rolled and ultra-
white float glass (both are types of flat glass but are formed
differently and serve different purposes). The c-Si PV mainly
uses ultra-white rolled glass, while ultra-white float glass is
preferred for thin-film PVs for its smoother surface.** Rolled
glass, which is predominantly produced in China, dominates as
PV front glass (95%) for c-Si PV modules.>* Low-iron rolled glass,
with shallow front texturing and deeper rear texturing, mini-
mizes specular reflection and glare, making it ideal for certain
solar PV applications like those near airports.*

The production of ultra-white PV rolled glass involves two
main stages: raw film production and deep processing (Fig. 1).
In raw film production, five steps are typically followed: batch-
ing, melting, forming (calendaring), annealing, and edge
breaking. The process starts with adding raw materials to the
furnace to form molten glass at a temperature of around 1450 °
C. The furnace used for PV glass has a deep pool depth and
a stepped bottom design for precise heating and uniform
composition. During forming, molten glass is compressed into
a glass ribbon using rollers, with the bottom roller creating
a deep texture and the upper roller applying a smoother pattern.
After passing through the cooling lehr, cutting is done to
remove the non-useable edges of the glass, and before pack-
aging, the glass is cut into the preferred shape. Annealing is
then conducted to remove thermal stress and ensure glass
durability.?>3*3¢37

Deep processing (secondary processing after glass forming)
includes tempering and coating.** Tempering enhances glass
strength and can be achieved through chemical ion exchange or
physical methods. Physical tempering, commonly used in solar
glass production, involves heating the glass above its softening
point and rapidly cooling it to create compressive stress on the
surface.** This process (tempering) can increase glass strength
to 4 to 6 times that of conventional flat glass. Following
tempering, an anti-reflective (AR) film (coating) is applied to
improve light transmittance, typically using the sol-gel method.

View Article Online
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Both tempering and coating processes require high tempera-
tures (around 700 °C).** Two primary processing pathways are
followed: coating first and then tempering, or vice versa.
Currently, the former route is favoured.*®

The main difference between the production of rolled and
float glass is the forming process. The forming process of float
glass involves the continuous flow of molten glass from a pool
kiln onto a relatively dense liquid tin surface. Through the
combined results of gravity and surface tension, the glass liquid
is spread and flattened on the surface of the liquid tin, after
which the glass is annealed and cut.

The raw materials for PV glass must meet specific require-
ments, including low iron content and appropriate particle size.
For instance, ultra-clear glass typically has an iron content 10—
20 times lower than that for conventional glass (Fig. 2).* Silica
used in PV glass production must be low in iron, sourced from
sand deposits or crushed quartzite rock. Materials with higher
iron content can be used if they undergo purification processes
such as acid leaching, flotation, and magnetic separation to
reduce Fe,0; levels.?”**

Particle size is crucial in PV glass production. Large particles
are hard to melt and can result in included grit, while small
particles melt too quickly, leading to uneven heat conduction
and agglomeration during melting. Additionally, heavy refrac-
tory minerals such as zircon and chromite, with stable chemical
properties and high melting points, should be minimized in
sand to prevent stone formation and ensure final glass quality.
These minerals should be =5 ppm, with particle diameters
=0.25 mm.*

Other essential raw materials for manufacturing ultra-white
glass for PV include limestone, dolomite, soda ash, and feld-
spar. For instance, magnesium oxide from dolomite controls
the crystallization and hardening speed of molten glass, while
also acting as a flux to enhance melting performance. Lime-
stone is crucial for ultra-white glass production as it reduces the
viscosity of the molten glass.’”

3. Present capacity and demand
analysis for 3.4 TW growth
In this section, we first describe the glass requirements for the

annual installation of 3.4 TW PVs, and then present the current
solar glass capacity globally. After that, we determine the total

: Weichi . . . . . . .
L Fl!m eighing 2nd g, Melting —> Forming —>Annealing—> Cutting —> Quattyl Edging
Production of raw materials | | | control
L | L L L
Deep Final Quality . .
le——| ] €| . «— -
Processing glass ] Clean Tempering«¢ | Coating Clean Edging

Fig. 1 PV glass production process.>
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Fig. 2 Chemical component of PV glass compared to ordinary float glass ("R,O" stands for alkali oxide).3®

material requirements for the annual installation of 3.4 TW
PVs.

3.1. Projected glass requirements for PV use

The PV industry will need a significant amount of glass annually
for 3.4 TW of PV production. According to the International
Technology Roadmap for Photovoltaics (ITRPV),* the efficiency
of TOPCon and silicon heterojunction cells is expected to range
from 22% to 24% over the next ten years. Therefore, this effi-
ciency was incorporated into our model. For this calculation, we
considered the average efficiency of modules using TOPCon (an
n-type silicon solar cell with poly-Si/SiO, passivating contacts)
and silicon heterojunction modules (featuring thin amorphous
silicon layers deposited on crystalline silicon wafers) with
a solar irradiance of 1000 W m™? at air mass 1.5.4%%

Regarding glass thickness, the current standard is 3.2 mm,
but there is a trend towards thinner glass (2 mm).** In this
study, our calculations are based on a thickness range from 2
mm to 5 mm, with 5 mm representing bifacial modules (total of
front and rear glass).

Fig. 3 illustrates the projected annual global glass demand
for PV, estimated at, for example, 89 Mt for 3.4 TW of PVs with
24% efficiency and 2.5 mm thickness. The figure highlights the
significant influence of glass thickness and PV module effi-
ciency on total glass requirements. For instance, at 22.25%
efficiency, the demand ranges from around 95 Mt for a 2.5 mm
thickness to about 121 Mt for a 3.2 mm thickness. Higher-effi-
ciency panels require less panel area to generate the same
amount of electricity, which means less glass is needed to cover
the panels. Peters et al. also estimated glass demand, with their
findings aligning closely with our estimates.**

3.2. Present PV glass production capacity

The PV glass industry reported a significant surge (60%) in
supply in 2022 due to the rapid growth of PV demand.*>** This
expansion has been fueled by two factors: the entry of new

This journal is © The Royal Society of Chemistry 2025

companies into the market, including float glass firms, and
existing companies ramping up production, in response to
expectations of growing demand. However, there appears to be
a notable gap between production capacity and actual produc-
tion. According to one unverified source,® in 2022, the average
global PV glass melting capacity was 84 000 tonne per day (t per
day) (translating to an annual glass production capacity of
around 30 million tonnes (Mt)), with China alone contributing
around 94% of this capacity. By the end of May 2023, the
average global PV glass melting capacity had increased to
around 91 000 t per day (annual production capacity of 33 Mt),
with China's market share rising to 99%. However, another
unverified source found that,* despite China's significant PV
glass production capacity, the country's PV glass production
was only 16 Mt in 2023 (by the end of August). If we extrapolate
this number (16 Mt) over an entire year, the actual production is
estimated to be around 24 Mt. So, annual production needs to
increase by 3.8 times to meet the global annual demand of 89
Mt of glass for 3.4 TW per year per PV installation. Also, the
production capacity needs to be increased by 2.7 times to meet
up the demand for 3.4 TW per year of PV. It should be noted that
the daily melting capacity of PV glass is derived from a non-peer-
reviewed source as there is no publicly available literature on it.

One unverified source reported that, compared to China,
other countries have much smaller scale PV glass
manufacturing operations.** According to another unverified
source, in Asia, United Arab Emirates and India produce ultra
clear glass (patterned and AR coated).*® In Europe, it has been
reported that solar glass production is “practically no longer
available,” with most of the glass imported from China.* This
assertion is supported by a report published in 2023.*” However,
a non-peer reviewed source indicates that Europe does produce
some ultra-clear glass, with manufacturers in Belgium
(patterned), Germany (patterned and AR coated), Italy (AR
coated), Liechtenstein (patterned and AR coated), Poland (ultra-
clear and AR coated), and Turkey (patterned) contributing to
this market.** Two media news reported that, in South America,

Sustainable Energy Fuels, 2025, 9, 1414-1431 | 1417
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Fig. 3 Projected PV glass demand for 3.4 TW per year of PV installation.

Brazil plans to manufacture solar glass,” while in North
America, two companies in USA produce ultra-clear glass.*® USA
and Canada are also planning to ramp up their PV glass
production plans.*

3.3. Material requirement

According to one source, producing 1 t of PV glass requires 130
kg of soda ash, 800 kg of quartz sand, and 800 kg of other raw
materials.*® Another estimate suggests that 120 kg of dolomite,
14 kg of Glauber's salt (mirabilite), 254 kg of soda ash, 745 kg of
low-iron quartz sand, and 117 kg of limestone are required.**
Using the values from the latter source, since it had a more
comprehensive list, we calculate that 10.7 Mt of dolomite, 1.25
Mt of Glauber's salt (mirabilite), 22.6 Mt of soda ash, 66.3 Mt of
sand, and 10.4 Mt of limestone are required to produce 89 Mt of
glass.

Moving back in the value chain, we also projected the sand
demand for 3.4 TW per year solar PV production (Fig. 4). We
found that the world will need around 66 Mt per year of low-iron
sand to produce enough glass for 3.4 TW per year solar PV
installation (considering glass thickness of 2.5 mm, and PV

—— Thickness = 2.5 mm

—— Thickness = 4 mm —— Thickness = 5 mm

panel efficiency of 24%). If bifacial modules (5 mm) are
considered for the same efficiency, the sand demand will rise to
133 Mt per year.

4. |Issues in PV glass production

The PV glass industry faces several obstacles, such as material
supply, high energy demand and carbon intensity of the
production process and increasing waste volume. Furthermore,
as mentioned above, the necessary future PV production will
require a significant expansion of global PV glass
manufacturing capacity. This section explores the details of
these three obstacles.

4.1. Materials abundance and access

PV glass requires several raw materials, as mentioned above,
but only sand is considered in this study since it constitutes the
most significant material (75%) of the glass.”

Seven countries, including the United States, Norway, Aus-
tralia, Russia, Mauritania, China, and Canada, possess
substantial natural reserves of the low-iron, high-purity quartz

1401

1204

100 1

Sand Demand (Mt)
[e0]
2

[e)]
o

22.25 2250 22.75 23.00

23.25 23.50 23.75 24.00

Efficiency (%)

—— Thickness = 2 mm
——— Thickness = 3.2 mm

—— Thickness = 2.5 mm

—— Thickness = 4 mm —— Thickness = 5 mm

Fig. 4 Sand required for annual 3.4 TW solar PV installation (5 mm refers to bifacial modules).
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Fig. 5 Some well documented low-iron sand resources (QLD-
Queensland and WA-Western Australia).>>*¢

sand crucial for PV glass production. Wang® identified fourteen
high-purity quartz deposits (both sand and rock) outside China,
seven of which are actively mined and seven under investiga-
tion. Notably, the Spruce Pine Mine in the United States stands
out as the largest reserve of high-purity quartz rock, with over 10
Mt of high-purity quartz raw material. In contrast, Australia
holds significant sand reserves, exemplified by Mitsubishi's
export of low-iron sand (100 ppm) from Cape Flattery in
Queensland, with mineral resource estimated at 500 Mt.>*
Additionally, two other silica sand mining projects are planned
for the same region, by Metallica Minerals Ltd and Diatreme
Resources Ltd.>® Furthermore, VRX Silica Ltd plans to exploit
208 Mt of low-iron sand resources at Muchea in Western Aus-
tralia (Fig. 5), with potential markets including solar glass
production.”” Dasajema Pty Ltd in Western Australia is also re-
ported to have low-iron (65 ppm) sand (52 Mt) for solar glass
production.®® A recent report states that a corporate presenta-
tion published by the Canadian Premium Sand company in
2023 indicates an iron content as low as 92 ppm in their
Wanipigow, Manitoba sand. However, the report also notes that
earlier drilling samples exhibited a higher iron content of 1300
ppm.>* High-purity quartz resources exist in regions like Anhui,
Hunan, Hainan, Guangxi, and Guangdong in China* but the
iron content of the sand in these areas is not publicly specified.
Vietnam, Malaysia, Cambodia, and Thailand also have high-
quality quartz sand reserves. For instance, a detailed techno-
logical survey of Vietnam's Phong Dién district shows that the
district holds over 50 Mt of high-quality quartz sand with iron
content ranging from 100-680 ppm.*° A master's thesis reported
that geochemical and granulometric analyses performed on
sand samples from the east side of Kompong Som Bay, Cam-
bodia, showed Fe,O; levels lower than 200 ppm.*' Tested
samples from Thailand's Tak province contain high-purity
quartz sand with less than 100 ppm iron.** Malaysia reportedly
holds 149 Mt of sand with varying iron content ranges (the
lowest reported as 10 ppm).*® Indonesia reportedly holds 2.1
billion tonnes of silica sand reserves, with 332 million tonnes
ready for processing, although iron concentration is unde-
clared.** The Xinyi Group plans to build a (not stated if ultra-
white) glass factory in Indonesia, likely utilizing this sand.®**®
Brazil has a very significant sand resource, estimated at 96.7 Mt
with an iron content as low as 48 ppm, with 2.4 ppm claimed to

This journal is © The Royal Society of Chemistry 2025
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be accessible at one site after washing/scrubbing.** In Came-
roon's Supe area, quartz vein samples were analysed, revealing
low-iron content sand measuring 100 ppm.*

Access to significant low-iron sand reserves is restricted by
various factors such as natural hazards, transportation chal-
lenges, shipping permit and mining approval challenges, and
environmental regulations. For instance, shipping from Cape
Flattery, Australia, which lacks rail or road connectivity, must be
through the Great Barrier Reef, a World Heritage Site, while
national parks enclose the sand resource on land.®® Also, trop-
ical cyclones pose a threat to the sand supply for a significant
part of each year.*® Mitsubishi may only ship up to 3 Mt of sand
annually, while Metallica has applied to construct a new jetty
nearby to export up to 4 Mt per year.” Also, according to media
and government reports,” Metallica,”” Galalar’® (both nearby
the Mitsubishi site, and for which similar barriers apply), and
Muchea projects all are awaiting mining permits.”

Community concerns also need to be considered for sand-
mining activities. While limited peer-reviewed publications are
available on this topic, various media reports have highlighted
this concern. Opposition to silica sand processing plants for
solar glass manufacturing has arisen in Riau Island, Indo-
nesia,” and Bangau Beach, Sabah, Malaysia, due to concerns
over relocation, employment and health issues.”® Similar
concerns have impacted silica sand mining projects in Mis-
souri, US”” and Manitoba, Canada,’”® where environmental
issues prompted government intervention. In the case of Cape
Flattery, compensation agreements have been established
between Australian local indigenous landowners and the
mining company.®®

4.2. Energy and carbon intensity of glass production

It has been stated that every year glass factories worldwide
consume around 500-700 million GJ of energy,”” although we
note that production rates are highly variable, and significant
expansion is expected due to growing PV demand. Fossil fuels
have historically been used, significantly impacting the envi-
ronment. Therefore, this section presents the energy and
carbon intensity of the glass manufacturing process.

4.2.1. Energy intensity of glass production. Sourcing and
refining the raw materials needed to produce 1 t of molten glass
require an estimated total energy of 3800-4800 MJ.** Among
these materials, soda ash production is the most energy-inten-
sive, commonly manufactured using Solvay (synthetic), Trona
(natural), or Hou (synthetic) processes. For instance, in the EU
and UK, 99% of soda ash is produced via the Solvay process,*
which is estimated to use 6100-10 000 M]J of energy per tonne.*?

The production of 1 t of glass requires around 12 000 MJ of
specific energy, which varies according to the glass subsector
and processing steps®® and, considering the energy needs of
processing the glass, melting is the most energy-intensive.**
However, this number varies from study to study. Two studies
reported that, melting accounts for around 60-70% of total
energy consumption in the glass industry.®*** The forming
process is also energy-intensive, consuming up to 12% of
primary energy,® with the furnace being the primary energy
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consumer. The annealing process consumes 2-5% of total
energy (gas is mostly used, but there is a growing trend towards
using electricity to reduce CO, emissions), while both electricity
and gas are used in tempering (details of the energy use were
not provided).?* European and US glass factories primarily rely
on natural gas for 75-85% of their energy needs,** contrib-
uting significantly to total gas consumption. For instance, in
Italy, glass factories consume 1% of the national natural gas
annually,” while German factories consume 2% of theirs.*
China (the main producer of PV glass) has been reported to
predominantly use coal (44.3%), followed by natural gas
(15.5%), fuel oil (13.1%), electricity and other sources
(27.15%).%° As a result, glass factories around the world would
require a significant amount of natural gas. For example,
producing 1 t of ultra-white float glass requires around 117 m®
of natural gas.*® Based on this number, the world requires 109
TW h of natural gas to produce 89 Mt of glass. Electricity
(increasingly from renewable but still primarily from fossil
sources) accounts for 10-15% of the total energy consumption
in European and US glass factories, and the rest, 5-10%, comes
directly from other fossil fuels.®*

4.2.2. Carbon intensity of glass production. The sourcing
of raw materials also contributes significantly to gas emissions
with global warming potential. For example, the Solvay process
of soda ash production emits 0.7-1.0 t of carbon dioxide
equivalent gases (CO,-eq.) to produce 1 t of soda ash.? Overall,
sourcing input materials contributes 330-350 kg of CO,-eq. to
make 1 t of molten glass.** Based on this number, 29.47-31.15
Mt of CO,-eq. will be emitted to source input materials to make
molten glass for 89 Mt of glass.

Glass (including for PV applications) production, with its
energy-intensive processes, contributes significantly to CO,
emissions, with global factories (container and flat) collectively
emitting over 60 Mt annually.®” This amount (60 Mt) exceeds the
yearly total CO,-eq. emissions of Portugal.** In the EU, the glass
sector emits over 20 Mt of CO, annually.®® The UK's glass
industry emits 1.7 Mt of CO,, while German glass factories
emitted approximately 4 Mt in 2019.%>°°

Glass production involves two types of emissions: direct
(process) and indirect. Process emissions result from fossil fuel
combustion and raw material reactions in the furnace. For
example, approximately 600 kg of CO,-eq. is generated from the
production of 1 t of glass in a gas-fired furnace. Of this, 450 kg
comes from fossil fuel combustion, with the remainder from
dissociation of carbonate raw materials.** Based on this number
(600 kg per t), the production of 89 MT of glass will emit 53.4 Mt
of CO,-eq.

Indirect emissions occur mainly during electricity genera-
tion. For example, producing 1 tonne of ultra-white float glass
requires around 111 kW h of electricity.*® To produce the 89 Mt
of glass needed annually for a 3.4 TW PV installation, approxi-
mately 9.8 TW h of electricity are required annually. In China,
the dominant producer of solar glass, generating 9.8 TW h of
electricity emits around 9.58 Mt of CO,-eq., based on an emis-
sion factor of 0.97 kg CO,-eq. per KW per h.”* However, due to
variation in electricity generation mixes, this number would be
different in different countries. For instance, assuming the
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average electricity mix in each country,’ producing 89 Mt of PV
glass in the US will result in emissions of approximately 5.4 Mt
of CO,-eq. while the emissions would be around 6.6 Mt in
Germany, 4.3 Mt in Japan and 0.89 Mt in Brazil. These signifi-
cant CO, emissions are very important, but there are other
environmental impacts as well, discussed in the next section.

4.3. Other environmental impacts

Glass production also emits other gases and pollutants, such as
NO, due to high-temperature combustion in air and SO,, which
arises from sulfur content in the fossil fuels. Limited amounts
of pollutants such as NaOH and KOH are also released during
manufacturing.®* Glass production also generates fine dust due
to waste gas scrubbing and cullet reclamation, leading to high
dust pollution®” and particulate matter is emitted from molten
glass and raw material evaporation, posing health risks like
silicosis and cancer for glass workers.*** Water pollution is also
a concern, with cooling processes and cullet cleaning
consuming significant water. Discharged water may contain
glass particles, soluble ingredients, organic compounds from
lubricating oil, and treatment chemicals (dissolved salts and
water treatment chemicals such as coagulants, biocides, floc-
culants, etc.) from the cooling-water system.*

Furthermore, sourcing of sand, the major raw material for
glass production, is responsible for environmental degradation.
Sand mining has severe consequences for biodiversity and
ecosystems. Continuous extraction in places like Sri Lanka has
endangered coral reefs®® while mining in water bodies world-
wide has led to reductions in plankton and invertebrates.®”**
Land-based mining requires vegetation clearance, risking soil
erosion and landform collapse.”” Increased traffic, pollution,
and road deterioration from truck movement disrupt nearby
environments and communities.'*”*** Moreover, sand mining
in riverbeds, such as in the Mekong River Delta in Vietnam, has
altered flood frequency and impacted local food produc-
tion,'*>'** and has similarly affected regions like Mozambique
and Kerala (India), according to some media reports.'*>***

4.4. Waste volume

Increasing PV installations will inevitably lead to significant
waste generation due to their finite lifetime. The IRENA report
estimates cumulative PV waste of 60-78 Mt globally by 2050,
using regular and early loss scenarios.'® Under the regular loss
scenario, waste volume is projected to reach 1.7 Mt in 2030 and
60 Mt in 2050. Conversely, the early loss scenario forecasts
waste volumes of 8 Mt in 2030 and 78 Mt in 2050." China is
expected to contribute the most to this waste, with 20 Mt by
2050, followed by the US, Japan, Germany, and India (Table 3).*®

There are also other estimates of PV waste reported in the
literature. A study by Hieslmair'® challenges the assumptions
of the IRENA report, noting that by 2023, global PV deployment
is already nearing the levels projected by IRENA for 2030 (1630
GW). Using PV deployment scenarios of 24 or 75 TW by 2050
and considering improved module efficiency and durability,
Hieslmair estimated end-of-life (EOL) PV waste in 2050. Under
the assumptions of steady improvement (the module reliability

This journal is © The Royal Society of Chemistry 2025
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Table 3 Projected PV waste from the most commonly cited waste report from IRENA.*®

Projected waste by 2030
in million metric tonnes

Projected waste by 2030
in million metric tonnes

Projected waste by 2050 in
million metric tonnes

Projected waste by 2050
in million metric tonnes

Countries (early loss scenario) (regular loss scenario) (early loss scenario) (regular loss scenario)
China 1.5 0.2 20 13.5
UsS 1 0.4 10 7.5
Japan 1 0.2 7.5 6.5
Germany 1 0.4 7.5 4.5
India 0.325 0.05 4.3 4.4

improves at a steady pace) and of 24 TW deployment by 2050,
Hieslmair's study projected that cumulative PV waste could
reach approximately 33 Mt by 2050.'® The study reported that
PV waste would be around 38 Mt by 2050 under the assumption
of 75 TW deployment and the nominal reliability scenario.
Because glass constitutes a significant portion of a PV panel,
this amount of PV waste will result in substantial glass waste.
Hieslmair assumed that glass weighs 82% of the total weight of
a PV panel.® Based on that number, the expected glass waste
will be around 27-31 Mt.

Note that, while PV waste appears substantial, it pales in
comparison to waste generated by fossil fuels and traditional
sources, at least up to 2050. For instance, oily sludge and coal
waste from fossil fuels can be 2-5 times and 300-800 times
greater than PV waste, respectively.'® By 2050, global municipal
solid waste (MSW) is projected to exceed PV waste by 440-1300
times.'*® Hieslmair also assessed the time it takes for various
industries to accumulate 200 Mt of waste, revealing that coal
mining is the worst (9 days), followed by oil production (15
days), MSW (1.2 months), coal ash (2 months), while the PV
industry would take 40 years to generate the same amount of
waste. Also, some fossil fuel industry wastes (oil sludge and coal
ash) are toxic. On the other hand, the primary metal of concern
in c-Si panels is lead (approximately, 0.01% by weight, used in
solder for cell interconnection). According to Hieslmair,'** 52 kt
of lead will be introduced by coal ash annually in the waste
stream compared to around 2 kt by PV. Furthermore, coal ash
will also add 69.6 kt of arsenic and 2.4 kt of cadmium to the
waste stream per year.'” While PV waste is less problematic
than fossil fuel waste, reducing its impact remains essential.

5. Solutions (to issues of PV glass
supply at TW scale)

This section deals with potential solutions to issues in PV glass
supply. Recycling can address material, energy, and emission-
related problems, while decarbonization is essential to tackle
emission-related issues.

5.1. Recycling (as a solution to glass supply)

Currently, the landfilling of decommissioned PV modules is not
sustainable due to environmental harm and loss of valuable
materials.'”” Toxic substances like lead (in solder of c-Si
modules), cadmium, and tellurium (in CdTe modules) pose

This journal is © The Royal Society of Chemistry 2025

risks if they leach into groundwater and soil.'”® Recycling
presents an alternative, with two approaches: downcycling and
high-quality recycling. Downcycling involves crushing, sieving,
and material separation to obtain low-quality products suitable
for applications like fiberglass production or construction
materials.'*”'**"® While downcycling addresses waste volume,
it doesn't solve the material supply issue.

High-quality PV glass recycling, where recovered glass from
EOL modules can potentially be used in new glass
manufacturing has two forms: recovering high-quality cullet or
whole glass sheets. Utilizing cullet offers benefits such as
replacing primary raw materials, energy savings, and improving
energy efficiency. For example, glass production requires 2671
M] per tonne without cullet usage, which decreases to 1886 M]
per tonne with 100% cullet usage.'** CO, emission is, conse-
quently, reduced due to the energy savings from increased cullet
use.® For raw material saving, 118-122 kg of primary raw
materials can be replaced by 100 kg of cullet.®** We are unaware
of significant recycling of recovered PV glass into PV glass to
date but a promising real-world example is Solarcycle, which
will use cullet from PV glass in its new solar glass factory in
Georgia.'? Similarly, AGC Europe will use recycling technology
of Return of Silicon (ROSI) to extract cullet from EOL cover glass
for use in flat glass manufacturing.'*®

But the use of external cullet in PV glass manufacturing faces
some problems. Using recycled glass cullet as input for new
cover glass production in PV has been hindered by quality
concerns, particularly its iron contamination during the
shredding process.'** Additionally, transportation challenges
arise due to the cullet's low value and high weight, making high
transportation costs hard to justify.'*® Another issue is the
presence of antimony, which is added to enhance light trans-
mission in rolled glass but raises health and sustainability
concerns due to its carcinogenic nature and potential for
poisonous emissions during melting.” Moreover, float glass
manufacturers hesitate to accept cullet from external sources
due to antimony's adverse effects on glass surface coloration
and usability,* although one Japanese industry report suggests
that the problem might be manageable (details of the proposed
process were not provided).'*®

Using collected glass sheets (without breaking them during
the collection and separation processes) for new module
manufacture would improve circularity compared to breaking
into cullet and re-melting. Methods like the hot knife and
Delaminating Resources Pty Ltd (“Delam”) process facilitate the
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recovery of whole glass sheets."”'*® This approach (reuse of
whole glass) offers additional advantages such as energy and
cost savings and emission reduction compared to using glass
cullet. For example, materials are responsible for 48% of the
total cost of PV glass production, followed by power (39%), other
costs (9%), and labor (4%)."*° When recycling cullet, the amount
of input materials needed is reduced, but nearly the same
energy and other costs are needed. But when recycling whole
glass, all of the costs can be avoided. However, due to incon-
sistency in the PV industry and frequent changes in module
dimensions, it has been infeasible in the past to reuse entire old
glass sheets in new modules.

Now, there is a proposed plan to standardize PV modules.
Trina Solar, one of the leading solar manufacturers, proposed
three standardized module sizes: 450 W for residential, 550 W
for commercial & industry, and 700 W for utility, and nine major
manufacturers agreed to standard dimensions."*

5.1.1. Methods to recover glass cullet or whole glass from
PV modules. Researchers globally have explored various
methods to recycle glass cullet or whole glass from end-of-life
(EOL) PV waste, focusing on mechanical, chemical, and thermal
approaches. Typically, the first step involves the removal of the
aluminum frame, cables, and junction boxes.'” Subsequently,
thermal or chemical delamination is conducted to remove the
encapsulant (usually EVA) from the panels to recover glass.
Thermal methods, such as combustion or pyrolysis, decompose
EVA at around 500 °C, facilitating the separation of glass and
solar cells.”* Alternatively, chemical solvents can achieve the
same separation.” These methods can be employed individu-
ally or in combination to enhance efficiency."*

Several mechanical and thermal treatments are available and
utilized to recover glass. For example, mechanical delamination
involves techniques including hot-knife,"***** waterje
shredding/milling,"*****  crushing,"”****” and high-pressure
pulse.’**'* For example, in the hot-knife process, the module is
positioned between two rollers, which move it along and hold it
steady until it reaches a 1-meter-long steel blade heated to 180-
200 °C, slicing the glass apart from the other layers of the
laminate.*” Thermal treatment usually involves softening the
EVA using heat and pyrolysis."””>"*****'* For instance, Delam
applied suction to separate the glass sheets after heating,
manually removing the EVA to achieve whole sheet glass
recovery.'’” Belancon et al. also used a heat-assisted mechanical
process to recover the whole sheet of glass. They softened the
EVA by heating the panel on a preheated stove at 85 °C for half
an hour, and then manually removed the laminated layers.**
However, the recovered glass resulting from these processes
(except hot-knife) is not suitable for PV glass manufacturing.
Glass recovered after shredding often gets contaminated with
iron and, therefore, cannot be considered for the manufacture
of new PV glass."™™ Similarly, recovered glass after thermal
treatment commonly contains metal impurities that make it
unsuitable for new PV glass production.’” One potential solu-
tion is the use of chemical solvents to extract clean glass.*

Various chemical treatments utilize solvents to degrade EVA
in PV waste."*® Successful separation of layers of PV laminates
has been achieved with toluene,**® room temperature
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isopropanol,**® trichloroethylene,”***> KOH-ethanol solu-
tion,”* N,N'-dimethylpropyleneurea (DMPU),"** dibasic ester
(DBE),*** hexane,® p-limonene,"”” and supercritical CO,."*®
Pagnanelli et al. compared solvent and thermal treatment
methods and found that solvent treatment, using cyclohexane
for the first time, resulted in superior quality glass suitable for
new glass production.® Toro et al. developed the “Photolife”
process, involving mechanical shredding of the laminate and
sieving to separate materials into coarse, intermediate, and fine
fractions.” Cyclohexane treatment then separates different
layers, yielding glass powder, high-grade glass, aluminium
frames, metallic filaments, PV cells, and a polymeric residue
while also reducing the iron contamination from the shredding.
Both methods were effective in recovering high-grade glass
from end-of-life (EOL) PV waste.

5.2. Decarbonization

The following discusses different decarbonization options, such
as fuel switching, waste heat recovery, batch preheating, batch
pelletization, carbon capture, utilization and storage, and
advances in heating and preheating, along with their carbon
reduction potential (Table 4).

Biomethane, hydrogen, and biogas offer promising avenues
for decarbonizing the glass industry. Research indicates that
biomethane could replace natural gas for heating raw mate-
rials,'***** with, for example, the UK having sufficient biofuel
capacity for its entire glass sector.’® Initial trials demonstrate
the feasibility of substituting biogas for a portion of natural gas
in glass-melting furnaces, as shown by a German factory co-
firing biogas (30%) without compromising product quality.'®*
Hydrogen also shows potential, with trials from projects like
Kopernikus P2X,'** HyGlass,"'* Pilkington,'*® and NSG'* high-
lighting its viability. These alternative fuels can be blended with
natural gas and injected into pipelines, offering a pathway for
reducing carbon emissions in the industry. It is expected that
around 75-85% carbon reduction can be achieved through
switching to carbon neutral fuel.** However, these fuels face
some problems.

While biofuels offer a lower-carbon alternative to fossil fuels,
they often come with higher costs. Additionally, their limited
availability poses a significant barrier.* For instance, even if the
flat glass industry were to utilize all annually produced bio-
methane, it would not be sufficient to meet the demand of all
the float lines in the European Union.'*®* Moreover, glass
manufacturers are wary of fluctuating gas compositions from
various sources, which can affect product quality.*” Hydrogen,
another potential alternative, faces technical challenges in glass
factories due to its lower volumetric energy content and reduced
radiation heat transfer compared to natural gas.'®®

Electric melting offers a promising alternative for glass
factories with potential energy efficiency gains of up to 68%.'7°
Using an all-electric system could reduce energy input by
35%."* Transitioning to renewable sources of electricity could
also significantly reduce emissions, given the relative ease of
sourcing it renewably. However, electric melting has its limita-
tions. A very reliable power grid is required for operating an all-
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Table 4 Carbon reduction potential of different measures and technologies.®* We have added a new category of re-using the whole sheet of

glass
Possible
Measures Technology carbon reduction Challenges
Carbon capture utilization and ~ Carbon capture 90% max High cost
storage
Lower carbon alternative Fuel switch 75-85% Biofuel-limited resource
Hydrogen-lower volumetric energy content
Electric melting 75-85% Requires reliable power grid
Process Waste heat recovery 15% max Fouled heat exchangers and high operational
costs
Preheating of raw materials 15% max Dust carryover and clogging
Circular economy Batch pelletisation 5% max Possible contamination of batch materials
Use of recycled flat glass (cullet) 5% max High-quality
Use of recovered whole sheet of glass =100% Glass gets broken during operation or

from PV

electric furnace and the glass composition needs to be changed
due to different melting and fining behaviours.'”* Also, the
small furnace size is currently, a limiting factor for this
technology.®

Enhancing waste heat recovery (WHR) is a promising
decarbonization method that utilizes heat from the furnace
exhaust gas, representing a significant portion (25-30%) of the
furnace's energy input.'”* This recovered heat can be used for
various purposes, including generating electricity and heating
materials, resulting in improved energy efficiency and reduced
carbon emissions (maximum 15%).** For instance, WHR
implementation on a glass line could reduce energy consump-
tion by 840 M] per tonne of glass (around 7% of total energy
use).’”* However, challenges, like fouled heat exchangers and
high operational costs, exist.** Despite these challenges, the
savings from improved energy efficiency can help reduce oper-
ational costs. But the net cost impact will depend on the trade-
off between reduced energy use and increased maintenance
costs.'”

Batch preheating, where raw materials are heated using
exhaust gas heat before being introduced into the furnace,
offers energy and emission reductions in the glass industry.
Furszyfer Del Rio et al. review various reports of significant
savings including that have been demonstrated from use of
cullet and batch preheating: savings of 8-12% of fuel related to
melting in one case,* energy savings of 12 to 20% in another,
and a 7% reduction in CO, emissions in a third.®* However,
batch preheating suffers from problems like dust carryover and
clogging.®*

Innovations in glass factory furnaces offer promising ways to
reduce emissions. Several furnaces, such as regenerative, recu-
perative, and oxyfuel furnaces, are available in the market.
Regenerative furnaces use firebrick structures to store and
transfer heat from waste combustion gases, while recuperative
furnaces preheat combustion gas inside steel recuperators.
Oxyfuel furnaces, on the other hand, burn fuel with pure oxygen
instead of air, reducing nitrogen combustion and fuel
consumption. Studies suggest that oxyfuel combustion could
reduce flue gases by 60-70% and mitigate energy losses by 25—

This journal is © The Royal Society of Chemistry 2025
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35% compared to conventional furnaces.*® Compared to effi-
cient regenerative furnaces, oxyfuel furnaces save fuel from 5%
to 20%.5%*

Microwave and plasma heating techniques have also been
explored for their potential to reduce process time and energy
consumption. Microwave heating enables swift, uniform heat-
ing while removing volatile components, with reported reduc-
tions in process time (by 34%) and energy consumption (by
25%)."”> Plasma processes offer quick melting of raw glass
powders with reduced environmental impacts,* although high
installation costs remain a barrier.'”

As noted above, glass production emits CO, as a byproduct of
natural gas combustion for high-temperature melting. Carbon
capture, utilization, and storage (CCS and CCUS), which can
capture CO, for synthetic fuels or storage, are considered
necessary for decarbonizing the glass sector. One study found
that integrating CCS could reduce emissions to around 90%.%* A
UK company, C-capture, is testing this technology in two glass
factories, demonstrating its practicality."”” However, high costs
remain a drawback.®

Batch pelletization offers energy and emission savings in
glass factories. This process involves forming raw materials into
small pellets or granules with an aqueous binder before melting
them in a furnace. After aging for at least 10 minutes, the
materials are compacted, dried using flue gas heat, and then
melted. It is estimated to provide a 7% energy-saving benefit.*
However, there is a possibility of contamination of batch
materials from pelletizing equipment.®

Exploring alternative raw materials like biomass ash could
also contribute to energy and emission savings by replacing
virgin raw materials for glass industries. Biomass ash contains
non-crystalline content, requiring less energy to melt and drive
reactions compared to materials with crystalline content.***

6. Conclusion

In this review, we addressed the challenges associated with
massive expansion of PV glass production. Meeting the chal-
lenge of global warming will require a significant expansion in
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PV glass production, which raises concerns regarding emissions
and materials supply. The world requires around 89 Mt per year
of glass for 3.4 TW per year PV installation, requiring the annual
worldwide PV glass production capacity and actual production
to increase by 2.7 times and 3.8 times, respectively. This rapid
expansion would lead to substantial greenhouse gas emissions
(CO,-eq.), including 40 Mt per year from fossil fuel combustion,
13.4 Mt per year from the disassociation of carbonate raw
materials, and 9.58 Mt per year from electricity usage, although
the electricity could be derived from renewable sources.
Decarbonization strategies for glass production, including
waste heat recovery and electric melting, present additional
mitigation possibilities but face barriers such as high costs.
Also, this rapid expansion in PV glass production will place
significant pressure on the supply of materials such as low-iron
sand. The calculated annual demand of 66 Mt for low-iron sand
highlights the potential concerns regarding its availability and
supply risk. However, the significance of this risk in relation to
other PV components remains unknown. Further studies are
needed to understand how the sand supply risk may affect the
overall supply chain of PV.

The material stress problem could be partially solved
through recycling, as some available processes allow clean
recovery and reuse of end-of-life PV glass (cullet) for new panels.
Similarly, Hot Knife and Delam can recover entire sheets of
glass for potential reuse in new PV modules, eliminating the
need for new glass production for PV. Future research should
focus on overcoming barriers to decarbonization, and
improving recycling methods that preserve the purity of recov-
ered glass.
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