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values of 10.08% and 13.93%, respectively. This composition
is comparable to that of typical soda-lime glass (Table 4).
Sb20; is added during glass manufacturing to minimize
bubbles in the furnace and improve the transparency of the
produced glass. It is also a substance of concern because of
its impact on equipment during glass manufacturing. Sb2O3

was detected in 33 of the 36 samples, with an average value
0f 0.21% and a maximum value of 0.32%. As an item related
to waste disposal laws, As203 was detected in eight out of 36
samples, with a maximum value of 0.013%. PbO was
detected in some samples but was below the quantification
limit.

Table 3. Summary of analysis results for PV cover glass (Unit: mass%)

Lower limit of

Analytical Method Composition quantification Ave Max Min
SiO; 0.03 71.13 72.40 70.20
ALO; 0.01 1.09 1.61 0.14
MgO 0.02 3.18 4.15 0.10
CaO 0.01 10.08 11.86 9.19
Na;O 0.04 13.93 15.00 12.83
K20 0.01 0.03 0.05 <0.01
SO; 0.01 0.24 0.38 0.17
. Fe20s 0.01 0.02 0.03 0.01
Fixed angle measurement .
TiO; 0.01 0.04 0.26 <0.01
710> 0.001 0.01 0.02 <0.01
SrO 0.001 0.02 0.23 <0.01
BaO 0.1 <0.1 <0.1 <0.1
As:03 0.002 0.01 0.013 <0.001
Sb20; 0.01 0.21 0.32 <0.05
Bi20; 0.01 <0.01 <0.01 <0.01
PbO 0.002 0.00 0.005 <0.002
F 0.2 <0.2 <0.2 <0.2
P>0Os 0.01 <0.01 <0.01 <0.01
Cl 0.02 0.03 0.04 <0.02
s . V205 0.05 <0.05 <0.05 <0.05
Qualitative Analysis
Cr20s 0.05 <0.05 <0.05 <0.05
NiO 0.01 <0.01 <0.01 <0.01
ZnO 0.01 <0.01 <0.01 <0.01
SnO> 0.05 <0.05 <0.05 <0.05

Table 4. Composition of typical soda-lime glass

Composition Content Remarks
SiO; 70-74% Main component
ALLOs 0-2% Increases hardness
CaO 6—12% Increases water resistance
MgO 0-4% Increases water resistance
Na>O 12-16% Improves fusibility

B. Evaluation of the Sorted Recovered Materials

Recovered Materials After Sorting

Recovered Materials After Sorting

(Undersize Fraction)
Fig. 9. Appearance of the vibrating sieve machine and the appearance of the
sorted objects and recovered sorted objects.

(Oversize Fraction)

After thermal treatment, the solar panels were processed
using a three-stage sorting process to recover the materials
separately. The first stage involved the use of a vibrating
sieve, which recovered approximately 2% of the weight after
thermal treatment. The vibrating sieve and photographs of the
recovered materials before and after sorting are shown in
Fig. 9. The composition was 55% copper and 8539 mg/kg
silver.

Fig. 10. Appearance of the wind sorting machine and the appearance of the
sorted objects and recovered sorted objects.
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The second stage involved air separation, that is, dividing
the recovered materials into light and heavy fractions. The air
separator and photographs of the recovered materials before
and after sorting are shown in Fig. 10. The light fraction
contained 2% copper and 5683 mg/kg silver. The materials
recovered from the vibrating sieve and air separator had high
concentrations of copper and silver, confirming that they
could be sold as valuable materials to smelting companies at
current market prices.

The heavy fraction was further processed in the third stage
using an air table to separate small impurities, such as copper
wires and silicon cells, from the glass cullet. The air table was
adjusted to minimize the inclusion of fine particles, such as
solder balls, in the recovered glass cullet. The structure of the
air table is illustrated in Fig. 11.

The equipment and operating conditions, such as the deck
hole diameter, deck height, sieve angle, sample layer
thickness, and feed rate, were adjusted as shown in Table 5.
Additionally, modifications were made to prevent rebound
into the light-fraction side and change the sample feed

location. Six cases were tested to verify the number of solder
balls mixed into the glass cullet (heavy-fraction side of the air
table). Approximately 400 kg of the sample was processed
per test. The results, shown in Table 6, confirm that no solder
balls were mixed into the glass cullet under multiple
conditions. The number of fine silicon cells mixed into the
glass-recovery side was also examined, with the results
showing that equipment modifications and condition changes
successfully produced glass cullet with minimal impurities.
The air table and photographs of the recovered materials
before and after sorting are shown in Fig. 12.
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Fig. 11. Structure of air table deck.

Table 5. Consideration of equipment conditions for air table

Condition Conditions Equipment Improvement
. Hole Diameter o Layer Thickness Light Side Bounce
Scenario (®mm) Mesh (mm) Angle (°) (Visual) Feed Rate (kg/h) Prevention
Case 1 1 50 10.5 Thick 739 -
Case 2 1 75 10.5 Thick 1266 -
Case 3 1 50 10.5 Thick 1129 O
Case 4 3 50 11.0 Thick 810 O
Case 5 3 50 11.0 Thick 991 O
Note: “O” indicates that equipment improvement to prevent bounce into the light-fraction side was implemented; “-” indicates that no such

improvement was made.

Table 6. Number of foreign objects in recovered glass

Condition Rec‘(?:feeifehdt ?}flass Solder Balls Cells

Scenario (kg) (Quantity) (Quantity)
Case 1 403 2 16
Case 2 482 2 25
Case 3 375 0 6
Case 4 411 0 5
Case 5 429 0 2

The quality of the recovered glass cullet was extremely
high, with a purity of 99.999%. The silicon cells identified as
contaminants in this context correspond to 2 mg/kg in the
recovered glass cullet. The recovered glass cullet accounted
for 86% of the weight after thermal treatment. It is
noteworthy that the mentioned weight did not include an
aluminum frame. The main loss observed during the process
is the light fraction recovered by the air table. In this system,
the heavy fraction consists of glass cullet, while the light
fraction contains various materials. About 2% of the total
processed material is transferred to the light fraction, which
includes a mixture of glass cullet, copper wires, and silicon
cells. The continuous processing system examined in this
study has been evaluated at a level similar to full-scale
operation and can handle tens of thousands of solar panels
each year. Compared to existing recycling systems, the
proposed method allows for the recovery of glass with much
higher purity. The yield is also favorable, which shows that
the system is efficient and practical.
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Air Table

Recovered Materials After Sorting Recovered Materials After Sorting

(Light Fraction) (lleavy Fraction)

Fig. 12. Appearance of the air table and the appearance of the sorted objects
and recovered sorted objects.

C. Results of Glass Wool Prototyping

The glass cullet used for the glass wool prototyping was
obtained from sorted recovered materials. The results of the
compositional analysis are presented in Table 7.

Photos of the glass wool prototypes are shown in Fig. 13.
The left photo in the figure shows the prototype made from a
glass cullet derived from solar panels, whereas the photo on
the right shows the prototype made from a cullet derived from
window glass. Visually, there is no noticeable difference
between the prototype made from the solar panel glass cullet
and the conventional product made from the window glass
cullet.
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Table 7. Example of composition analysis results for selected PV glass
cullet (Unit: mass%)

Analytical Composition Lower. limif of Composition
Method quantification
SiO; 0.03 70.3
ALO; 0.01 1.12
MgO 0.02 3.15
CaO 0.01 10.2
Na,O 0.04 14.6
K20 0.01 0.03
SO; 0.01 0.34
Fixed angle Fex03 0.01 0.02
measurement TiO, 0.01 0.02
7102 0.001 0.010
SrO 0.001 0.005
BaO 0.1 <0.1
As:03 0.002 0.007
Sb20; 0.01 0.15
Bi20; 0.01 <0.01
PbO 0.002 <0.002
F 0.2 <0.2
P>0s 0.01 <0.01
Cl 0.02 0.03
Qualitative V205 0.05 <0.05
Analysis Cr03 0.05 <0.05
NiO 0.01 <0.01
ZnO 0.01 <0.01
SnO> 0.05 <0.05

Fig. 13. Appearance of the prototype. (Left: prototype derived from solar

panel glass; Right: product made from conventional materials).

Table 8. Composition of glass wool
PV raw material Normal raw

Composition prototype material product
Si02 72.81% 71.34%
CaO 17.21% 16.60%
NaO 6.33% 5.99%
MgO 1.60% 1.88%
ALOs 1.10% 1.82%
Sb,0s3 0.09% <0.01%
SOs 0.43% 0.41%
K>0 0.30% 1.73%
Fe03 0.13% 0.23%
P20s <0.01% <0.01%
BaO <0.01% <0.01%
StO <0.01% <0.01%
TiO2 <0.01% <0.01%

As 22mg/kg <10mg/kg
Cd 1mg/kg <Img/kg
Cr Smg/kg <Smg/kg
Hg <Smg/kg <Smg/kg
Pb Tmg/kg Tmg/kg

Se <10mg/kg <10mg/kg
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The quality tests for the prototypes included thermal
conductivity, leaching tests, and chemical composition
analysis. Table 8 shows that the recovered glass cullet
contains major components such as SiO2, CaO, and Na:O in
proportions comparable to standard raw materials used in
industrial glass wool production. However, trace amounts of
Sb20s, up to 0.09 percent, were detected. This may have long-
term effects on manufacturing equipment. Therefore, further
investigation into its potential effect is warranted. The results
of the thermal conductivity test are shown in Table 9. The test
results indicate that the prototypes meet the required
performance for insulation products, with a thermal
conductivity (4) of 0.045 or less, similar to conventional raw
materials. In addition, leaching tests were conducted to assess
the environmental impact of the prototypes after market
distribution. The evaluation results are listed in Table 10.

Table 9. Thermal conductivity result for the prototype (Unit: W/m-K)

Parameter PV Raw Material Normal Raw
Prototype Material Product
Analysis Results A=0.040 A=0.041
Standard Values 4<0.045

Table 10. Leaching test results of glass wool prototypes (Unit:mg/L)

Composition Results standard
Mercury or its compounds <0.0005 <0.005
Cadmium or its compounds <0.009 <0.09

Lead or its compounds <0.03 <0.3
Hexavalent chromium compounds 0.13 <1.5
Arsenic or its compounds <0.03 <0.3
Trichloroethylene <0.002 <0.1
Tetrachloroethylene <0.002 <0.1
Dichloromethane <0.002 <0.1
benzene <0.002 <0.1
Selenium or its compounds <0.03 <0.3

Fluoride <0.8 -

Boron or its compounds <0.1 -

Antimony 0.05 -

The evaluation was conducted in accordance with the “Test
Methods for Metals in Industrial Waste” (Environmental
Agency Notification No. 13, 1973). The standards referenced
were based on the “Waste Management and Public Cleansing
Law Enforcement Regulations” (Ministry of Health and
Welfare, Ordinance No. 35, 1973).

The evaluation results suggest that the leaching tests were
conducted under more severe conditions than those expected
when glass wool is incorporated into the walls of houses.
Therefore, it can be concluded that there are no issues with
the raw materials used in this study. Although trace amounts
of hexavalent chromium compounds were detected, they
were below one-tenth of the standard value, indicating no
significant concerns.

V. CONCLUSION

This study developed processing technologies to recover
cover glass, cells, and copper wires with high precision from
used solar panels. An investigation into the glass composition
of the solar panels confirmed that the composition is
comparable to that of typical soda-lime glass. In examining
methods used to recover each material from used solar panels,
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this study focused on the upgrade recycling of glass,
confirming that glass cullet can be recovered with minimal
impurities. Additionally, it was confirmed that the recovered
glass cullet could be used in glass wool without affecting
product quality. The recovered copper and silver were also
found in concentrations that could be recovered as valuable
materials by smelting companies, establishing an effective
means of material recycling for a large number of solar panels
expected to be discarded in the future. Specifically, it was
demonstrated that glass, which accounts for approximately
60% of the weight of solar panels, can be recovered at a level
suitable for upgrade recycling and that the quality of the
prototype glass cullet is acceptable.

In cases where the cover glass is damaged during use or
disposal, making it difficult to recover materials separately,
this system, which can recover each material at a level
suitable for recycling, is considered highly beneficial from
the perspective of circulating material resources in Japan. In
particular, glass, which is economically challenging to reuse
because of its low raw material price and is often landfilled,
can be used as a recycled raw material in this system. this
approach helps address the issue of landfill capacity which
could have significant effects on reducing pollution and
improving people’s general quality of life. The recycling
technologies must be estimated not only from the view of
technological feasibility and material evaluation, but also
compliance with relevant laws. The proposed system in this
study was confirmed to be complied with relevant Japanese
regulations in installed and operated process, including the
Waste Management and Public Cleansing Act and Fire
Service Law.

Future challenges include confirming the long-term
manufacturing and environmental impacts of glass as a raw
material.
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