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Abstract— The solar cell has been in the spotlight as new
renewable energy. Considering its life expectancy, a large
quantity of the spent module will be produced after 2020, so
many studies are being conducted on the recovery of valuable
resources from the spent photovoltaic module. In particular,
there are not many studied conducted on the photovoltaic
robbin recovered from the spent photovoltaic module.
Therefore, in this study, experiments were conducted to verify
the oxidation behaviors in the coating layer of the photovoltaic
ribbon recovered from the spent photovoltaic module. The
oxidation behaviors were observed for 24 hours at the
temperature of 100°C, 300°C, 500°C and 700°C using TGA,
and the oxide layer formation and the component change in
respective sections were analyzed using SEM and EDC
according to the holding time of 1hr, 2hrs, 4hrs and 8hrs at the
temperature of 500°C showing the most distinctive oxidation
behavior.

1.  Introduction

Due to the depletion of fossil fuels and the use of fuels
because of the industrial development, the global warming
issues have arisen. Therefore, the new renewable energy for
solving the environmental issues and energy depletion are
receiving much attention. In particular, the photovoltaic
energy is the most promising and technically matured sector
in the renewable energy sector.1) The photovoltaic module
showing superior energy efficiency does not produce
pollutants, noise and toxic gases. 2) Since the photovoltaic
module has a relatively long life expectancy of 20-25 years,
many countries have already gained economic benefits from
the photovoltaic industry and thus the photovoltaic module
is expected to continue to grow in future.

According to the report of McKinsey (Solar Power;
Darkest before down), the cumulative capacity of the
installed photovoltaic facilities is forecast to reach 400 ~
600GW in 2020.3) [Figure 1-1] shows the trend of the
photovoltaic facility installation on an annual basis. In
Korea, the cumulative capacity of the installed photovoltaic
facilities reached 680MW in 2010, and its scale is expanding
on a continuous basis. The supply of the photovoltaic
module with the average life expectancy of 15 years started
in the early 1990s and the quantity of the photovoltaic
module has steadily continued to increase, reaching
approximately 130,000MT in 2023 on a cumulative basis.4)
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Figure 1-1 cumulative capacity of the installed photovoltaic facilities

The importance of the recycling of photovoltaic modules
has merged and many studies are being conducted on the
recovery of the valuable resources from the spent
photovoltaic module and the recycling of them
worldwide.6)~9) However, there are not many studies
conducted on the recovery of the valuable metals from the
spent PV ribbon in the photovoltaic module. Therefore, the
recovery and recycling of the valuable metals from the PV
ribbon in the spent photovoltaic module is expected to make
great contribution to the localization of the economic
resources. 11) ~ 14)

This study is a base study on the recycling the PV ribbon
from the spent photovoltaic module, in particular, the
oxidation behaviors according to conditions of heat
treatment conditions intended to separate the coating layer
from the PV ribbon. The heat treatment experiments were
conducted by varying the temperature from 100°C to 800°C,
and the oxidation behaviors in the PV ribbon was measured
using TGA (thermogravimetric analysis); the surface
oxidation behavior in the PV ribbon according to the
holding time of from 1 hr to 8 hrs at the temperature of
500°C was observed using SEM (scanning electron
microscopy); and the chemical composition of the oxidized
PV ribbon from the surface to the inside part was analyzed
using EDX (energy dispersive X-ray microscopy).

MATERIALS FOR
EXPERIMENT

[Figure 2-1] shows the structure of the commercially
available PV ribbon products. Looking at the structure, the
Cu wire exists inside and the coating layer wraps the outside
uniformly. Looking at the shape, the width is approximately
Imm-4mm and the thickness is approximately 0.1mm-
0.25mm at 0.1mm. In the construction of the coating layer,
the surface of the high-purity Cu wire is coated with 64% Sn
and 36% Pb and a small amount of Au (0.2~0.4%). First,
confirm that you have the correct template for your paper
size. This template has been tailored for output on the US-
letter paper size. If you are using Ad-sized paper, please
close this file and download the file for “MSW A4 format”.
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Figure 2- 1. The structure of PV ribbon product

[Figure 2-2] shows the results of an analysis of the
components of the PV ribbon from KOSBON which is the
manufacturer of PV ribbon. The cross-section of the PV
ribbon was observed using SEM, and the coating layer was
analyzed for chemical composition using EDX. The Cu is
located in the middle part; the coating alloy layer wraps the
both sides uniformly; and the thickness is approximately 30
um. The results of an analysis of the coating layer using EDX
showed that it was composed of 68.79% Sn and 31.21% Pb.
The chemical composition of the commercially available PV
ribbon was analyzed using ICP. The results showed it
contained 87.75% Cu, 5.25% lead, 6.15% Sn and a small
amount of Nb and Ag.

Analyzed by ICP

Element Weight, %
Cu 87.752 Analyzed by EDX
Pb 5.247 Element Weight, %
Sn 6.150 Sn 68.79
Nb 0.063 Pb 3121
Ag 0.046 Totals 100.00

Figure 2- 2. An analysis of the chemical composition of the commercially
available PV ribbon (Equipment used for analysis: EDX, ICP)

m. EXPERIMENTAL METHOD

[Figure 3-1] shows the schematic diagram of TGA used
to measure the oxidation of the coating layer in the PV
ribbon. For the oxidation of the coating layer, oxygen and
argon gases were respectively used, and to remove the
moisture inside the gases before the injection of gases, these
gases were pushed through drierite (CaSQ,). The flow rate
of the gases was adjusted to fix the partial pressure of
oxygen using MF and then they were injected into TGA
reactor. To prevent the coating layer from oxidation, only
argon gas was injected until the desired temperature for
measurement was reached and then an oxygen gas was
injected for oxidation experiment when the desired
temperature was reached. The weight of the sample was
automatically programmed and the data was quantified for
an analysis of the oxidation behaviors after the completion
of experiment.
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<Table 1-1> shows the changes in the Gibbs free energy

values for the oxidation

reaction according to the

temperature of Pb and Sn. It shows the Gibbs free energy
values when Pb and Sn form the oxides that can be
generated through oxygenation. It is thermodynamically
predicted that Pb and Sn may transform their phase to PbO,
PbO,, SnO and SnO, relatively easily.

TGA

oo

UHP Ar UHP O,

Drierite(CaSO,)
- remove humidity

Figure 3- 1. The schematic diagram of TGA for oxidation experiment
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Iv. RESUTLS OF EXPERIEMENT

[Figure 4-1] schematizes the changes in the weight of the
commercially available PV ribbon according to temperature
measured using TGA. At the temperature of 100°C, 300°C,
500°C and 700°C, an oxygen gas was injected at the rate of
20Ncc / min for 24 hours for the measurement in the oxygen
atmosphere. As a result, it was found that with the increase
in temperature, the weight of PV ribbon increased, showing
a sharp increase particularly at 500°C and 700°C. This
indicates the oxidation rate increases in the relatively high
temperature range, and the oxidation effect of the coating
layer is not significant at the low temperature of 100°C and
300°C. Looking at the oxidation behaviors over the entire
temperature range, they follow the parabolic rate law, which
is the phenomenon in which the oxidation rate increase
rapidly in the initial stage and then decreases over time. The
rate law of the parabolic rate can be expressed as the
reaction formula below.

® All oxidation plots were followed as parabolic rate

law
dx_Kp
dt x
x% =2kt +C
® Kkp: parabolic rate constant, x: time, C: integration
constant
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Figure 4- 1. The changes in the weight of the commercially available PV
ribbon according to temperature

[Figure 4-2] shows the shape of the oxide layer of the
commercially available PV ribbon observed at  500°C
using SEM. The coating layer coated on both sides
uniformly before oxidation transformed into the wisker
shape during the process of oxidation. The experiment was
conducted by varying the oxidation time 1 hr, 2, 4 and 8 hrs.
The results showed that the oxide scale layer become thick
from the oxidation time of 4 hrs, and the scale was separated
from the PV ribbon. After the oxidation of 8 hrs, it was
observed the coating layer was almost oxidized and the
oxide scale was separated from the base material.

[Figure 4-3] shows the shape of the commercially
available PV ribbon sample taken after 2-hr oxidation at the
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temperature of 500°C, the distribution of the chemical
composition of the oxide layer analyzed by EDS line
scanning and the result of an analysis of the chemical
composition of respective sections in the oxide later and
base material. The thickness of the coating layer of the
original sample before the formation of oxide layer was
approximately 30um, but it increased to approximately
40um in the samples that went through heat treatment. As a
result of the line scanning of samples, Cu was generally
detected from the outside to the inside of the oxide layer. Sn
was mainly detected outside and Pb was mainly detected in
the middle part.

Figure 4-2. The shape of the oxide later in the commercially available PV
ribbon according to oxidation time at the temperature of 500 C

Figure 4-3. The results of EDC line scanning of the PV ribbon recovered
from the spent PV module after 2-hour oxidation at the temperature of 500
T

[Figure 4-4] shows the results of an analysis of the
chemical composition of the PV ribbon samples recovered
from the spent PV module after 4-hour oxidation at 500°C
and the base material. In the oxide layer formed in the
outermost part, the composite oxide layer containing mainly
Pb, Sn and a small amount of Cu were observed. In the next
oxide layer, Cu and Sn were observed as main component
with a small amount of Pb were observed. This indicates the
oxidation outside the Cu progresses, so the cooper-oxide is
separated because of the difference in the thermal expansion
coefficient between metals and oxides. The interface of the
Cu base material is mainly composed of Cu, and some Ag
has also been detected. And the innermost past is mainly
composed of copper.
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Figure 4-4. EDS component analysis results of the PV ribbon recovered
from the spent PV module after 4-hour oxidation at the temperature of
500°C

v. CONCLUSION

Heat treatment experiment was conducted to recover the
valuable metals from the PV ribbon in the spent PV module.
To measure the oxidation behaviors of the coating layer in
the PV ribbon, 24-hour heat treatment was conducted by
blowing an oxygen gas at the temperature of 100°C, 300°C,
500 C and 700 T . With an increase of oxidation
temperature, the weight significantly increased, especially at
the high temperature of 500°C and 700°C, when compared
with the oxidation behavior at the low temperature of 100°C
and 300°C.

In the oxidation condition of 500°C showing distinctive
oxidation behavior, the oxidation behavior of the coating
later according to the holding time of 1hr, 4 hrs and 8 hrs
was observed using SEM. In the heat treatment condition of
more than 4-hours at 500°C, distinctive separation between
the base material and the oxide layer was observed.
Furthermore, the element distribution of the oxide layer was
observed by EDS scanning line. The oxide layer and the
base material could be distinguished by the shape and the
composite oxide layer mainly containing Sn and Pb was
formed in the oxide later formed in the outermost part. In
addition, the oxide layer developed into the wisker shape,
oxidizing internal Cu, so Cu was detected in the oxide layer
in the middle and inside part. A component analysis was
conducted using EDS. As a result, Pb and Sn were observed
in the oxide layer formed in the outermost part, and Cu
content gradually increased towards the inside.
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